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ABSTRACT 

During the processing of bitumen from the Athabasca oil 
sands of northern Alberta, the fly ash produced is rich in 
Many pmetais.. Theytwo plants currently -in operation, Suncor 
and Syncrude, produce approximately 250 tonnes/year of ash 
eee eern ace imeazyvanadium jandi}0.4-0.9% nickeds,;This thesis 
reviews the formation of ash and the extraction of metals 
from ash, attempts to characterize the ash and develops the 
optimum extraction procedures for recovering vanadium and 
nickel. 

Vanadium extraction of 90% can be obtained by roasting 
Suncor ash with sodium chloride and leaching with hot water. 
A similar nickel extraction can be obtained by roasting 
Suncor ash with sulphur and leaching with sulphuric acid. 
Only vanadium can be extracted from Syncrude ash. after 
carbon removal. The vanadium extraction solution is suitable 
for direct treatment to form a vanadium pentoxide product, 
but the nickel extraction solution may require further 
treatment prior to nickel recovery. 

Suncor GaSe CONnSi1 StS Ol) O1Stinct MecoKe egcaliGceeace 
aluminosilicate spheres containing the metallic components. 
The extraction chemistry indicates that the spheres may 


contain an iron vanadium oxide and a nicked laterite, 
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PREFACE 


If many faultes in this book you fynde, 
Yet think not the correctors blynde; 
If Argos heere hymselfe had beene 


He should perchance not all have seene. 


Richard Shacklock, 1565 
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I. INTRODUCTION AND LITERATURE REVIEW 

Over 350 Tn ison iivonnesigofamtlysashyamere pourrentily 
produced annually in North America from coal, coke and oil 
combustion processes. Although the ash is mainly a silicate 
material, it may also contain significant quantities of many 
metals. 

Aiapresentwon! wal Oai5%).ofsl thes available «flysemashtens 
utilized other than in land fills. This use in cement, 
concrete, soil stabilization, road beds, ceramics, (mineral 
wool, fertilizers and brick manufacture is reviewed by Capp 
and Spencer' and is a growing field. 

Recent legislation?» in. the United States has: stated 
that certain leachable materials must be removed from ash 
dumps and this may stimulate an examination of the possible 
recovery. of metals from fly» aSh.. Previous studies) have 
examined the possibility of extracting iron, aluminium, 
titanium, nickel and several other elements but only 
vanadium, germanium and gallium are currently produced from 
ash. 

This thesis will concentrate on the extraction of 
vanadium and nickel from ash derived from the Athabasca oil 
sands, primarily from the Suncor operation. 

Rosenbaum? has reviewed the history, occurrence, 
processing and Gae of vanadium. Updating this review,. the 
current annual western world vanadium consumption is 
37) milli one] kidrogramsi aofof Ve'Os ,Atifarashelowy the production 


capacity of 50 million kilograms. Other plants are under 
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construction to mwnerveasel. production capacity by 10%, 
including a 1.8 8million kilograms per year plant in 
Oklahoma utilizing boiler ash. 

However, over 90% of the world's vanadium reserves are 
either in the countries of southern Africa or in the Soviet 
Union. Recently, it has been reported‘ that the Soviet Union 
has begun to import vanadium, although still a net exporter, 
and is no longer contracting to export nickel. Thus, “it is 
possible that the West will require secure sources of these 
and other strategic metals to avoid possible supply problems 
Pee che sfuture. 

It has been estimated® that up to 1025 tonnes/year of 
vanadium will be potentially recoverable from the Athabasca 
mulesandss areca stnism toe regquivalent —to 95% of the world 
consumption and 700% of the Canadian consumption. The nickel 
content of the ash is less than that of vanadium and is only 
a very small fraction of the current annual Canadian 
production of 272,000 tonnes. The current annual vanadium 
andwemickel content of the fly ash production from the oil 
sands is approximately 540 tonnes and 190 tonnes, 
respectively. 

The following literature review will initially discuss 
the formation, structure and composition of fly ash, 
followed by a survey of the suggested extraction techniques 
for the recovery of metals from ash. Finally, the formation 
and chemical composition of the Athabasca fly ash will be 


reviewed and the few existing studies of vanadium and nickel 
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A. ASH FORMATION & STRUCTURE 


Particle Formation 

Coal combustion is a major source of particulate 
emissions which may include soot, char, fly ash and acid 
droplets. The physical and chemical structure of the 
emissions depends not only on the coal composition, but also 
on the firing scheme and the time-temperature history of the 
ash. The effect on the environment: of the fine particle 
emissions has led to much of the recent work -.on ash 
formation and composition. 

Initially, during coal or coke combustion, any 
remaining volatile hydrocarbons are removed along with 
extremely volatile elements such as mercury. The burning of 
the hydrocarbons may also vaporize any metals associated 
with the organic material such as vanadium and nickel in 
porphyrins. Flagan and Friedlander‘ have reviewed the 
formation of ash and they present the following series of 
events: 

<500°K - dehydration; changes in mineral form 
<800°K - FeS oxidized 

<1100°K - carbonates and sulphates decompose 
>1350°K - alkali salts volatilized 

>1900°K - SiO, volatilizes by reduction to SiO. 

Ramsden’ has suggested that the mineral inclusions in 
the coal melt as the combustion front approaches. They then 


agglomerate, as the remaining carbon is oxidized, to. form 
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Spherical particles. The molten ash has a high surface 
tension and does not wet the coal. Flagan and Friedlander 
have also presented a mathematical model of this system 
which they report as being in good agreement with the data 
Se NCCoiect@e a BLObReparilcLles. above lan in diameter. 
However, their model is very sensitive to the value given a 
constant in the relationship and they make a _ possibly 
erroneous assumption. They assume that each coal particle 
produces a constant number of ash particles independent of 
coal particle size. 

| The presence of hollow fly ash spheres, cenospheres, 
has been explained‘ as being caused by the evolution of gas 
inside the ash spheres when they are in a’ slighty fluid 
State. Pleurospheres, cenospheres with internally trapped 
particles, are suggested’ to occur by initial gas evolution 
to form a cenosphere. As the pressure drops below 
atmospheric outside the combustion zone, the molten interior 
"buds off" to form small interior spheres. 

The mathematical model used by Flagan and Friedlander‘ 
does not account for particles smaller than the smallest 
mineral inclusion. The generally accepted explanation for 
the fine material, first suggested by Ramsden,’ is that 
rapid internal gas evolution may cause the spheres to 
shatter into fine particles. Other possibilities are 
condensation of volatiles on soot particles or homogeneous 
nucleation but these have been disproved by chemical 


analyses.'°® 
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Volatile Enrichment 

Collection of fly ash from many different sources and 
subsequent sizing and chemical analysis has shown that the 
concentration of some elements has a dependence on the 
particle size of the ash. The generally accepted explanation 
is that volatile elements or oxides present in a gaseous 
form during combustion, condense onto fly ash particles as 
the temperature drops. 

If we assume that an element X has partially condensed, 


in some form, on the surface of a sphere of diameter D, then 


O=M+t+S 

where M = mass of element X in the Sphere interior 
S = mass of element X on the sphere surface 
QO = mass of element XK in the total sphere. 


The total concentration of X is then given by: 


i?) 
(I 
ee) 





where C, = sphere interior concentration of xX (mass per 


unicemass) 


C, = overall concentration of X (mass per unit mass) 
C. = surface concentration of X (mass per unit area) 
0 = particle density 

V = particle volume 


A separticle surface areas 


s 7 
r y £ 
* 
‘ 
hime gn 
i . 
- 
‘ar 
aie | 


eine z9q e25m) x 
> 











ia 


.m 
v ti Gea 


teden olnu 384 226m) 3» tc 1o!} eee resnes ivsreve = ee 


25 po! 


m3 43 20 weds aloiay 


fesansagon 
; eth a 


“=. 













jnemt> buat sLienlev¥) 


zy vit *o «ptysalied 
& : 

in Boe proline’ Shee peaaue 
sios to #@6tes2nesne 


>a 


siis Vv Janz 
7 
taudmo> peiwb aaa 
29670 9°70 26 29QuGs) OF 
1 7 


ve er: >5 shee 


¢ 
v 
4G 


SLis2nd Sede ia ww aysacw 


(apem. sire 









avstsue-+ # 


” aes ® + , 
ae > ee : 


ba et 


By assuming sphericity, the average concentration of X, C,, 


is given by: 





Simply, this vaporization-condensation model suggests a 
relationship of C. pode Se 
The thickness, T, of the deposition layer can then be 


estimated from the expression, 


where p' is the density of the deposition layer. 

Existence of a deposition layer has been Acmweiuaact for Fe, 
GrmeNveand) Ss bye Hulett. et al.°* using scanning electron 
microscope analysis and by Natusch et al.’ using an ion 
microprobe, Auger microprobe spectroscopy and electron 
microprobe spectroscopy for Cr, K, Na, P, Pb, § and Zn. 

The particle size-concentration trends have been 
studied by many AucLnonS =<" and their evaluated 
relationships are presented in Table 1 along with the number 
of reported occurrences of each relationship. It should be 
noted that several elements obey anreecent relationships in 
various ashes, due to varying production schemes. 

The deficiency of some elements in the fine fraction of 
the fly ash is due to the reduced proportions of matrix 


material to surface elements in these fractions, i.e., the 
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deposition layer is a larger proportion of the total 
material in the finer sizes. 

As some of the enriched elements have compounds with 
low melting points, they are believed to exist in a gaseous 
form in the deposition zone. Kaakinen et al.'® found that 
the enrichment of Cu, Sb, Zn, As, Mo and Pb over the other 
elements was in agreement with the higher volatility of 
their oxides. Shroeder?? Suggests that the volatility of 
nickel and chromium may be due to the presence of carbonyl 
and sulphide forms respectively. . 

| Fisher et al.'’ stated that uranium and chromium are 
associated with -organic material. They are released on 
burning and condense onto the fly ash particles. Another 
study’ reported that the preferred condensing element 
depends on the particle matrix. This was shown as antimony 
condensed preferentially on magnetic particles; arsenic 
preferred high density ones; and barium and manganese 
preferred high density non-magnetic particles. Davison et 
al.'* have calculated the deposition layer thicknesses shown 
in Table 2. 

Superficially, the vaporization-condensation model. is 
in excellent agreement with the observed concentration 
variation in many ashes. However, the model assumes that the 
layer is .infinitessimally thin and no studies had been 
carried out on particles in which the layer becomes a_ large 


proportion of the particle. 
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As 
Cd 


600 


Cc, (me/e) 


0.6 
Oe Qe 


Table 2. Deposition layer thicknesses 
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Smith et al.‘® extended the previous model of an 
infinitesimally thin deposition layer to the situation in 
which the particle diameter increases due to the layer. They 
presented concentration equations for two cases; these were 
T being independent of particle size and T being inversely 
proportional to particle size. The second case assumes’ that 
the time particles spend in the deposition zone is inversely 
proportional to the particle size. 

The study also reported that many element (As, Pb, Mo, 
Hg, Se, Sb, Sn, V, Cu, Ni, Zn, Ga and Cr) concentrations 
were independent of particle size below about 0.8 pm, i.e., 
material supposedly formed by the shattering of cenospheres. 

Smith et al. considered the various mechanisms for the 
formation and constant element concentration of the 
submicron fly ash, and their accepted explanation involves: 

"Formation by "bursting" of larger particles 
during rapid gas release and subsequent 
coagulation of much smaller fragments. 
Condensation of volatilized material may occur 
during and after formation....(The process) 
would lead to the type of (particle) 
UM ehOrmLt ye cand sneer enrichment observed." 

This relationship is in close agreement with actual 
elemental variations over the size range examined 
(0.2-200 pm). Additionally, they suggest that their value of 
X may be dependent on the combustion temperature and _ that 


further studies may determine the mode and quantities of 


yf 





















fs io Lebom eudoivesg ©e? Sebned« ‘ihe ge deta 
Nt noiteuyie edd od a8vel nolsitogeS “iidy 4 eeteeeeeeine 


-_— 
yent »t9ysf sd3 of sdb adeearsatk tebe ‘\soj.ee ets dsinw 
~ , 
. 


Si9e Sears ,ese67.0W7 sO) anordeyps Noles. sacahesS Sssnsee%g 7 
Pa 7 


vletisyns ponisd OfB SsL2e Sivetiec Fo irebh soni pried T 


hn 6 S889 Onoose ST -sexis, alaryyey o7 [anos 10g 
YEsssevni ai sos noLtieages sir of BARS SedoiiaaR ems odd 
89st2 sloluveq si az lant i t:onoanl 

ced “e 


OF x: » A) de ° ‘ os « c a> oa > . +. "7 
,OM ,cG..2A) jnsmels 4 | Jan? Os7i0gs1 Gels ghnute <1 


-8639dQg¢e0nSs2 tc oni ret3Bde~ss4 vd Baigso? Yibseouius reese Ie 


ed: Oo] Qmerneaosin 2uUofT6y siz 5eesbrenos is. ‘4 Aste? 


) 

~ 
t 

u 
b 
o 
~ 
=> 
a 
eu, 
nd 
- 


Bris SNS" nol sears 
:s2@sviova: soizensflax: 737096. 2PSens 5b TES. VET eS \ciadue LF 
SSiSisseG t08168° id. "parse tad" ve sereearee" 


tneupeadva fink wesals BED 5.4.7 ~ -paiwes 


TUnpo yam. leiteten fest lige’ 2 oO TeRrebes 





(e89907~ «eifT)... .20itemI6e)- x24) 26 pri 





feicising). Io egy: <iz. os. ceed Bhocw © % 


ine te Pheciais dire RCo anon badael 















=: 7 
b y GaAs 2 
* 7 
a a 
si 


. t ; 


7 


y eens ee a 


particles formed under various combustion conditions. 


Composition and Structure 

Elemental analyses of numerous coal and coke fly ashes 
have been made primarily for environmental reasons. and 
Tables 3 and 4 show the reported Concentration ranges.° << 


The components of fly ash are generally reported as 


being "glassy" but five X-ray Geepract1 on 
erudses?) 127) a2”) have variously identified quarcz, 
mullite, hematite, magnesium orthovanadate, magnetite, 


calcite, pyrite and an iron silicate glass. 

A recent study* identified three components in fly ash: 
glass, mullite-quartz and magnetic. spinel. The trace 
elements are distributed in various proportions in the three 
phases; vanadium is equally present in each phase, nickel is 


concentrated in the magnetic spinel phase. 


ee aaa a a ae 


tHULetE wD WENDEL Oer A.W.) NOncncUurt, K.u 6, and 
Ferguson, M., "Chemical Species in Fly Ash from Coal-Burning 
Powets oe lates,. uscience,. 210) pp ,1356-6,.) 1980. 
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El ement Percentage 


Al 7-15 

Ba 0.1-12 
Ca O2=15 
Ce 0.1-8 
Fe leo=L5 
K OF 1=226 
Mg 0.7=6 
Mn 0.1-2 
Na 0.1-2 
Pb 0.006-5 
Si 22-30 

Sr OD -—253 
Td 0. 3-20 
V 0.05-2.3 
zn 0.01-2 
Zo 0.02-1.4 


Table 3. Major elemental components of fly ash 





Element 


Table 4. 


1-10 
0.01-100 
7-100 
10-1000 


10-1000 
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0. 1-300 
70-105 
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10-1000 


30-1000 


Element 


Nb 


Nd 


Pr 


Pd 


Ru 


Rh 


Rb 


Sm 


Sb 


Sn 


Sc 


Minor elemental components of fly ash 
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B. RECOVERY OF VANADIUM FROM ASH 
Extraction of vanadium has been considered many times 

from ashes with variouS sources. In most cases, a final 
extraction route has been suggested without detailing: 

1. the other extraction routes examined, 

2. the characteristics of the ash, and 

3. the chemical explanation of the extraction. 
This section of the review will discuss two well-documented 
industrial extraction processes for the recovery of vanadium 
from ash. It will also summarize the various patents and 


publications dealing with the extraction of vanadium. 


Petrofina 

The Petrofina refinery in Quebec used Venezuelan crude 
oil averaging 130 ppm vanadium. Until 1961 the fluid coke 
produced was sold for fuel and electrode manufacture. A coke 
fired steam boiler was then installed to use 50% of the 
100 tonnes/day coke production. The additions ofsean 
electrostatic precipitator in 1964 produced ash which 
contained approximately 20% vanadium pentoxide.’ 

In 1962 Petrofina contracted with the Mines Branch in 
Ottawa to investigate a possible process for the extraction 
of vanadium from the boiler fly ash. The results were 
published in 1965.7° 

Three direct leaching mediums were considered; they 
were soda ash, nitric acid and sulphuric acid. The maximum 


extractions of vanadium obtained with these reagents were 
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81.4%, 96.6% and 94.1%, respectively. The final decision to 
recommend sulphuric acid leaching to Petrofina was made due 
to the significantly lower acid concentration required to 
obtain over 90% extraction. The final process suggested by 
the Mines’ Branch consisted of} sulphuric acid leaching, 
oxidation of the vanadium solution and precipitation by 
ammonia, followed by calcining to vanadium pentoxide. 

This recommendation was accepted by Petrofina anda 
plant was constructed in 1964 to produce 545 kg V20;/day. 
The processs £lOWamehectemeiceshown: il Figs 12°° In 1965 the 
process was producing 3% of the world's vanadium supply at a 
Peet or 6$2-2/kq. 4,0. -aompared to a market) price of $2.75. 
This process continued operation until the mid-1970's when 
the vanadium-rich crude oil was no longer refined by 


Petrotina, 


LILCO 

Pi LCOmCLongGarerandmmrgqnumgn Company)*7 °') firstessold 
high grade vanadium ash from the combustion of Venezuelan 
fuel oil in 1964. By 1973 the company was producing 0.7% of 
the American power requirement and 5.5% of the American 
vanadium requirement. 

The oil contains approximately 0.1 kg V,0, per barrel. 
In 1976, 13.7 million barrels produced 1.2 million kilograms 
of vanadium pentoxide. Approximately 30% of the ash is 
collected as high grade furnace bottom ash containing 35-40% 


V,0;,; present as magnesium orthovanadate (due to the addition 
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Ash 
30% Solids 
Steam a6) = Ee) 
NaClo, : 
0.25 kg NaClO2/kg V>0, 
NH, Precipitation 1 kg NH3/kg V20, 
82 — 99°C 
Steam 


Peores. Petrofinia vanadium extraction process 
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of magnesium to the oil). 

The high grade ash is sold to various vanadium 
producers for treatment with ferrophosphorous’ slags and 
imported iron ore slags. Prior to 1971, the low grade ash, 
collected during gas cleaning, was stored in a water pond. 
From 1971 to 1976, the ash was dredged from the pond and 
sold for vanadium recovery. 

This storage technique had _ the disadvantages of 
erecta dissolution, ground water contamination and sand 
contamination of the dredged ash. LILCO then developed a 
Mee ako Neale ficaaiion system with pH adjustment to 
prevent vanadium dissolution. A plant is presently being 
constructed based on this process with additional ash 
washing to remove sulphates and roasting to lower carbon 


content. 


Patents 

Numerous patents and brief studies of the recovery of 
vanadium from various ashes have been published, 
particularly in Japan. Virtually all common extractive 
techniques and some novel ones have been attempted, but 
rarely has more than one process or ash been studied 


Simultaneously. 


a. Direct Leaching 
Direct leaching of fly ash for vanadium recovery has 


been reported as being successful for a wide range of 
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systems. 

The simplest leaching system with hot water has_ been 
studied Chive ns? > a8 One study? * has reported the 
erystaliization®®of Ga Wnickelmesalt on Scoolmng’ and the 
production of vLOF by) oxidataoneeofy thetGsolution  owith 
hydrogen peroxide. Another®® reports the crystallization of 
sodium sulphate and oxidative precipitation of V.0,; by 
potassium perchlorate. Other processes have examined 
leaching under sulphur dioxide atmosphere,** precipitation 
with ammonia?’ and oxidation with sodium perchlorate. ?® 

| The major studies on acid leaching have involved 
sulphuric acid.?°~*? Precipitation of vanadium pentoxide has 
been achieved by ammond an ssw OH seadgustment: "and; 
oxidation and hydrolysis.*? ** Three reports have presented 
unusual purification schemes after acid leaching: 

a DH adjustment to 18 SE2k 0 and vanadium 
precipitation by iron, ** 

bee sulphursdioxidestcontactreto, reduce Fe**, alkyl 
phosphate solvent extraction of vanadium and NiS 
formation by alkali sulphide addition to the 
barren’ solution, ** 

c. a three stage solvent extraction process tiging & 
tertiary fatty acid and Gi52,5-6bnyig 
hexylphosphoric ahd in kerosene, extracting iron, 
vanadium and nickel.*® 

Other acid extractions have involved recovery by ion 


exchange after oxidation**® and precipitation by ammonia 


e! 
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after hydrochloric acrd beaching. ‘? 

Leaching with basic solutions has been suggested using 
sodium carbonate®® and sodium hydroxide.*°® *' Other studies 
have reported leaching with ammonia*®?~** and sodium oxide.*> 
These basic solutions can be purified by calcium hydroxide 
additions which precipitate dissolved Silicon and 
eeominiums 2c > 2 

An unusual scheme*®* suggests leaching successively with 
threeeso bubionsesi0vgH,SO,, 210% CaCOSweandtul0s’ad HeSOwe The 
vanadium is apparently extracted only in the last stage. 
Uesaka and Ueno®’ reported leaching with 5% hydrogen 


peroxide and precipitation by hydrolysis. 


b. Pre-leach roasting 

Pre-leach roasting with various additives has been 
suggested as the best extraction route for many ashes. These 
additives have included: 

sodium carbonate/sodium nitrate,** °° 

sodium hydroxide,*’~*? 
potassium hydroxide/sodium hydroxide, °* 
sodium carbonate, ¢ <° 
sodium hydroxide/potassium nitrate, °* 
sodium chloride, ‘’~°’ 
potassium hydroxide’°® 7! 
aluminium oxide/sodium chloride. 7? 


The maj6rityoot! theséyroastsiéoccurvoat..500°-900°C and the 


resultant material is leached with water. The solution can 
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then be treated for vanadium recovery by pH adjustment, 
oxidation followedbebyvehydrolysis» OoOrerprecipitation» with 
ammonia. 

Lukomskaya and Bulankina‘®’ leached their salt roasted 
ash with an 8% mee natn carbonate solution and precipitated 
iron vanadate. Another study** leached with quebracho and 
precipitated vanadium with gelatin, after initial roasting 
with sodium carbonate. 

Direct roasting in air has been studied followed by 
acid leaching and pH/NaClO, precipitation’’? or hydrogen 
precipitation.’* Sulphidizing roasts have also been reported 
as having been successful. *? 

A rather extensive patent’* issued to Vojkovic in 1973 
includes different types of treatment for vanadium 
containing materials. It also states results for identical 
Peacheng condi crions that © vary, by a .fector ‘of two. The 
recommended process for ash involves roasting in argon with 
Zoe sodium carbonate at’ 625°C, then roasting in air at 
900°C, followed by water leaching, achieving 88% vanadium 


extraction. 


c. Miscellaneous 

Twos  GEpOLtL Seam. « suggested the use of direct 
chlorination and leaching but no results were presented. One 
of many Japanese studies‘**® roasted with sodium chloride at 


500°-700cGeteedirectiy volatidizes.Voci.: 
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A Japanese patent’*® states that the vanadium content of 
a Kuwaiti 011 can be reduced from 7 ppm to 0.3 ppm and 
nrvekelerirongn26 ppm Ttort<0.05 ppmad bytcontacting iti withva 
nickel ore at 500°C, thus preventing the formation of a 
metal-rich ash. ' 

, Sato and Yano’* 7’ have reported the direct smelting of 
the ash, after carbon and sulphate removal, to produce a 
FeVNi alloy or a Fe-VC-Ni cermet. 

The extraction of vanadium from the residues of oil 
shale) processingahastalsogebeenciconsidered. Thesisuggested 
approaches are either carbonate roasting and water 
Leaching; cobs imwor= salt roasting and Sulphuric acid 


leaching. *? 
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C. RECOVERY OF NICKEL FROM ASH 
Extraction of nickel from combustion residues has_ been 
considered only as related to vanadium extraction. In many 
of the nickel recovery processes, nickel is essentially 
removed from a : vanadium-containing solution as a 
purification step: 
a. after an acid leach, iron and nickel are removed 
from the vanadium containing solution by a cation 
exchange resin,°*® *%8 
b. after a hot water leach, a nickel ammonium salt 
crystallizes from the vanadium solution = on 
coo bingyi= 
c. after a hot water leach, nickel is precipitated 
Srometenesasolutvonerbytithe “addition of 150 g/l 
ammonium sulphate,‘*? and 
d. another study reports that after sulphuric acid 
leaching, nickel can be precipitated on cooling if 
ammonium sulphate is added. *° 
Other experimental studies suggest recovering nickel 
from the residue ash or waste solution after~vanadium 
recovery: K 
a. three studies suggest precipitating NiS from phe 
waste solution, after vanadium recovery, by the 
addktioneofeatka bisiulphnidesues a: as. 

b. after successful leaching of vanadium by hydrogen 
peroxide, Uesaka and Ueno®’ state that hot water 


leaching will dissolve nickel, 
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c. Amaha®* extracted nickel by hot water leaching of 
the residue from ammonium sulphate leaching of 
vanadium, and 

d. a patented Japanese process**® extracted iron, 
vanadium and nickel successively from the leached 
solution by solvent extraction with a tertiary 
fatty acid, di-2,5-ethylhexylphosphoric acid anda 
tertiary fatty acid, respectively. 

The remaining leaching processes either do not comment 
on the recovery of nickel from the solution*® ** or else 
co-precipitate vanadium and nickel by ammonia.*® °° 

The process of Asano et al.** which volatilizes vocl, 
by roasting the ash with sodium chloride 1s reported as 
leaving the nickel as nickel chloride. 

The ash used for vanadium recovery at the Petrofina 
refinery contains approximately 1% nickel. Leaching of the 
ash dissolves 75-80% of the nickel which remains in the 


tTanalewastersolution atia concentrationsoefti iss g/l. 
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D. EXTRACTION OF OTHER METALS FROM ASH 

The large quantity of ash produced in North America 
will increase due to the decreasing use of oil and the 
increasing use of high ash content western U.S. coals. 
Table 5 shows the ors Hee quantities of various metals in 
North American ashes and the western world, U.S. and 
Canadian production of those metals. The metals for which 
ash contains a major fraction of North American production 
include: aluminium, cobalt, gallium, germanium, selenium and 


vanadium. 


Aluminium, Iron and Titanium 

The possibility of recovering alumina or aluminium from 
fly ash has been examined several times, initially by 
Pedersen in 1927.%° The normal extraction route involves 
caustic soda dissolution and alumina trihydrate or sodium 
aluminate precipitation.*®*~°* Other techniques examined 
include hydrofluoric acid leaching,’* roasting with ammonium 
sulphate/ammonium Eiuionvacm ate e400GC sto Bforms aluminium 
sulphate’’ and the possible recovery of aluminium chloride 
byowoirect “chlorifation.’* Two Dutch patents, by DorrenganG 
Ereving’? *2% state thatesthe, -additicni) 0862. Savio amc) 
Group 1) hydroxide toscoaly before combustion produces an ash 
in which 80% of the aluminium is _ soluble in concentrated 
hydrochloric acid. 

Studies on several different ashes containing 2-15% 


iron have, ereported = *°'r!°" that aimagnetic separation of 
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Metal Ash content 


Al 54209 000 
Be 250 
Cd 500 
Co 1,000 
Cu 24270 
Ga 14500 
Ge #500 
Mo 1,000 
Ni 14500 
Pb | oy 20 
Sb 50 
Se 270 
on 140 
U0. igieo 
V 5,000 
an 5 000 


e€: consumption 


Table 5. Comparison of metals production and ash contént( tonnes ) 


US 
production 
Hi '7 10.0.0 


cl190 
154750 

500 

1 , 9804 000 
C7 

1 

63,800 
S00 
1,184,000 


680 


270 
577000 
e177,o00 

c6,030 
487,500 


Canadian 
production 
844,500 


3,450 
3,000 
425,000 
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Oe, 00 
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617830 
cl14o0 


1,160,000 


Western World 


production 


11,980,000 
260 
13,400 
28,000 
7,030,000 
1,000 

90 

87,000 
567,000 
3,878,000 
51,000 
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the ash @producesonant rons richw fraction: suitablées for 
processing as an iron ore. Two of these studies'°* '°’ state 
that the nonmagnetic ash fraction contains up to 30% alumina 
and may be suitable for aluminium production. 

The nonmagnetic fraction of one power plant fly ash'°® 
containing 8% titanium dioxide was directly chlorinated at 
900°C to recover over 60% of the metal as titanium 
tetrachloride. However, the high iron content (10% Fe,0;) 
eonsumed 675%. )ofrotheerchiorine’* tosform pron chloride,. thus 


making the process uneconomic. 


Germanium and Gallium 

Morgan'°® first commented on the high~ germanium and 
gallium content of Northumberland coal ash in 1935. This 
resulted in a process developed by Morgan and Davies''® in 
1937. Their recommended process involved leaching of the ash 
witheehydroehloricyhacids-andetdistallation of germanium 
fetvachlorides (b.p. 84°C) ifcomathe solution. Contamination 
by arsenic trichloride can be removed in a_  fractionating 
column. This process has also been recommended by Stovik and 
Tyroler,''’ and Gitter et al.‘''? for germanium recovery from 
flue, coal and pyrite dust. 

The majority of the other processes suggested for 
germanium recovery .from fly ash and similar piece 
utilize the high volatility of GeCl,: 

avhdareoe chlorination of the ash at high 


temperatures to producersGeCl,'*°>7** 
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b. dissolution of germanium with alkali sulphide or 
sodium hydroxide solution, acidification with HCl 
foblowedsabyedisctillabtionsof GeClywve seegedt 

evecirecthhydrochiorinat onbateco0rCetopfiormeGec!) “2 

d. roasting Sa 1350°C to form an iron-germanium alloy 
followed by direct chlorination to GeCl,.'?° 

Other reports have suggested leaching germanium with 
Sulphuetessacids ‘Wes hydrochicrict acidpi*+c oritodiltte acid 
leaching of salt roasted ash followed by precipitation .with 
chestnut tanning and roasting to form germanium dioxide.'‘?® 

A pyrometallurgical process for the recovery of 
germanium and gallium was developed in the late 
nineteen-forties by the General Electricity Council and 
Johnson Matthey Company Limited in the United 
Kingdom.'?* '*® The process involves smelting flue dust with 
soda and lime as fluxes for silica and alumina. The addition 
of copper oxide enables collection of 90-95% germanium and 
50-60% gallium in a copper-iron alloy. 

The alloy is then treated with dilute ferric chloride 
solution and chlorine gas followed by distillation of the 
solution. The distillate is purified and hydrolyzed to form 
germanium dioxide; the residue is eunuated and electrolyzed 
to fofmegallium. SinceeetS5030 thesaGentiré weak; Osource” of 
germanium has been from coal ash flue dust, at a rate of 
approximately 500 kg annually. 

It has been recently suggested'’* that gallium may be 


extracted from coal fly ash by the use of induction plasma. 
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Beryllium, Copper, Lead and Molybdenum 

Recovery of beryllium from ash containing 800 g/tonne, 
produced from a Russian lignite coal, has been suggested by 
Vratislav.'?”’ An 80% recovery was obtained by treating the 
ash with pohechamaned Sulphuric acid and extracting the 
beryllium from the solution with di-2,5-ethylhexylphosphoric 
acid in kerosene. 

Vetejska'?*® has reported that sulphuric acid will leach 
copper from fly ash but combustion above 850°C will form 
insoluble copper ferrite. 

Another Russian study of the possible utilization of 
€calscashes'@®® used-#an “ash ‘containing 22 kg) Pb/tonnexand 
which can be pyrometallurgically beneficiated to 
120 kg/tonne. 

Fester and Martinuzzi** have reported the extraction of 
molybdenum, in addition to vanadium and nickel, from asphalt 
eohnestus byan sulphuric? “acidasieaching. Mirzakarimov‘*° has 
examined an ash containing 0.16-0.24% molybdenum and 
Obtained some extraction by leaching with 0.15 M soOdium 


carbonate solutions 


Uranium 

Presently, the economic grade for uranium mining is 
approximately 0.08%'U;O,;,8°An Sexamination of the metal 
content of various U.S. ashes?? has shown that the ash from 
some western lignites contains up to DES, U,0.% 


Additionally, some lignites and carbonaceous shales in the 
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DakotaS contain an average of 0.18% U;,0,. In Yugoslavia, 
bituminous shale containing 136 g U/tonne and ashes 
containing 0.1-0.2% U,;0, have been identified.'*' 

The only leaching study'** suggests that acid leaching 
efficiency is Peeper cae of combustion temperature and that 
alkali leaching efficiency decreases with increasing 
combustion temperature. However, no extraction efficiencies 


were reported. 


Multi-Element Extraction Studies 

Threehrecent greéponts (2 .laaetis*?) have scommented ,on the 
extraction of several elements and compounds from ash by 
various treatment schemes, rather than concentrating on the 
extraction of a specific element. 

Gony and Cossais'*®? treated ash produced from the 
incineration of refuse in a variety of ways and their 
results can be summarized as: 

ay tin, lead and zinc were concentrated in the fine 
ash (<20 pm), 

b. concentrated acid solutions extracted 50% of the 
tineand 70-90%ecfethe lead, zinc, copper and iron 
from the crude ash, 

c. acid solutions extracted over 60% of the copper 
from the air roasted ash, 

ad. 12 N hydrochloric acid leached 80-95% of the tin, 
lead, copper and iron from ash roasted ina 


reducing atmosphere. 
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Staff at the Oak Ridge National Laboratory (ORNL) have 
carried out a detailed engineering analysis and cost 
comparison for the utilization of a typical fly ash (23% Si, 
foxeAdees Xi Re) easatanagerateso£. dimiilieon tons per year, by 
various processes sated at producing alumina and other 
products. ‘ee The processes examined were also. studied 
experimentally by ORNL’*® and are shown below. 

Salt-Soda Sinter 

Process: magnetic ash removal; 1000°C sinter with sodium 
chloride/sodium carbonate; leach with dilute 
H,SO.; solvent extraction (SX) with Primene JM-T. 

Products: alumina from leach solution; silica gel from leach 
residue; manganese and titanium from SX. 

Costs: Raw materials $85/ton alumina. 
Capital~cost $66 x 10°. 
Utilities $30/ton alumina. 

Preftst: $30/ton alumina. 

Calsinter 

Process: magnetic ash removal; 1300°C sinter with calcium 
carbonate/calcium sulphate; leach with 3 N H.S0O,; 
SX with Primene JM-T. 

Products: alumina; manganese and titanium; cement from leack 
residue. 

Costs: Raw materials $56/ton alumina. 
Capitalecost. $72 eal 0a 
Utilities $65/ton alumina. 


Profit: $30/ton alumina. 
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Direct Acid 


Process: 
Products: 


Costs: 


Profit: 
Lime-Soda 


Process: 


Products: 


Costs: 


Pos Ss 


leachwwith @aM HNOGs#eSkerwithe disc2$5sethylhexyl- 
phosphoric acid. 

alumina; manganese and titanium. 

Raw materials $55/ton alumina. 

Capitascost $50. xe 10... 

Utidweiess$40/ton alumina. 

$34/ton alumina. 

Sinter 

magnetic ash removal; 1250°C sinter with calcium 
carbonate/sodium carbonatesa leache withr didute 
sodium carbonate solution. 

alumina; cement. 

Raw materials $120/ton alumina. 

Capmtalecosres$62 xe 108, 

Htiditaes! $57/tonvaluminak 


¢60/ton alumina. 


Byproduct recovery was also suggested as being possible 


from the léacht solutions, “by ?solvent! extractionspora: i0n 
exchange, £Or the following elements: iron, uranium, 
thorium, vanadium, bismuth, gallium, molybdenum and 


antimony. 
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E. ALBERTA OIL SANDS 

The first white man to discover the northern Alberta 
oil sands was the fur trader Peter Pond in 1778. Development 
of commercial oil sands technology commenced after kK. A. 
Clark's laboraberwlestudias of bitumen extraction from 1900 
merero50. 

It iS now estimated'*®* that the northern Alberta oil 
sand deposits contain CeCe qm bo isn 143 exe 102m) of 
bitumen frome Buhocheeonly 25 x 10% bbl (4 x 10° m*). are 
estimated to be recoverable by surface mining and 
processing. The distribution of bitumen in the major fields 
in Alberta is shown in Table 6. At present, two commercial 
plants utilize surface mining of the Athabasca deposit. 
Other plants are planned and pilot plants are in operation 
on the Athabasca, Peace River, WabasSca and Cold Lake 


deposits using in situ recovery techniques. 


Suncor 

The first major commercial oil Sands operation 
commenced in 1967, operated by Suncor Inc., formerly Great 
Canadian Oil Sands (GCOS). Initially designed to produce 
7,200 m*/day of synthetic crude o1i1 it will be soon capable} 
of producing 9,200 m?/day. A detailed examination of the 
mining and extraction operation an be found elsewhere,'*® 
but Fig. 2 presents a brief outline of the extraction 


process and products. 
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Location 


Athabasca 


Cold Lake 


Peace River 


Wabasca 


Table 6. Major 


Overburden (m) 
0-46 
46-610 
305-610 
305-762 


76-762 


oil sands fields 


3 
Area (10 ha) 


198 


2429 


2ia 


478 


714 


Bitumen (10? bb1) 


74 
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The Suncor operation consumes approximately 
150,000 tonnes/day of oil sand producing 13,500 tonnes/day 
of bitumen as feed for the cokers. The typical composition 
of the bitumen is shown in Table 7. Vanadium and nickel are 
partially present in the bitumen aS organometallic 
porphyrins. 

The bitumen is fed to a fractionator, mixed with 
recycle material and is sent to a Oke heater. Partial 
volatilization occurs and the vapor and solid are sent to 
the coke drums which are held at 480°-500°C and at pressures 
of 20-60 psig (138-414 kPa) for 22 hours. Approximately 22% 
of the bitumen is converted to coke and removed from _ the 
eoxemecrume eby hydraulic cutting. The: vapour re-enters the 
fractionator and separates as gas, oils and recycle 
material. 

At present, approximately 2,450 tonnes/day of coke is. 
produced, with the bulk (2,000 tonnes/day) being sent to 
Foster Wheeler boilers for the production of steam by firing 
at 900°C. The remaining coke is normally stockpiled, but 
recently'** 20,000 tonnes was sold for the production of 
cement to a Japanese company. Table 8 shows the typical 
composition of the Suncor coke. 

The firing of the coke produces little bottom ash and 
the metal content of the coke is collected in the various 
ash fractions. Prior to i980, .the fly ashtiwas collected from 
the boiler effluent by cyclotrells; now the cyclotrells have 


been replaced by electrostatic precipitators (ESP). 
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Table 7. 


Component 
Vv 


tha 


Cu 


Bitumen composition 


Bitumen content 


150-200 ppm 
110 ppm 

60 ppm 
4.56.0 % 
wn iS) A 

0.6 % 

le 
Ooo 

soln St 


5 ppm 
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Component Coke composition (%) 





V 0.06-0.08 
va 0.001-0.08 
Ni 0.03-0.04 
S Beil 

0 1-2 

Ash Be Sie 

e 79-84 
Water 7-10 

Al Oe 

Fe ) Choi stige 
Sal OFZ 

Ca Ono 


Table 8. Suncor coke composition 
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Figures 3 and 4 illustrate the vanadium profile through 
the plant with the cyclotrells and electrostatic 
precipitators.® Table 9 shows the chemical analysis, 
Beovided by Suncer, for the ash collected from the ash pond 
with the cyclotrells installed and ash collected directly 
from the electrostatic precipitators. Currently ash is 
produced at a rate of approximately 78 tonnes/day containing 


22% Vanadium and 07? %ensekel 


Syncrude 

The second plant, operated by Syncrude Canada Limited, 
commenced processing in 1978 and now has a production 
Capacity of approximately 125,000 bbl/day. The processing of 
the oil sands to produce bitumen is essentially the same as 
the Suncor plant. However, the lower grade of oil sand 
requires flotation treatment of a middlings stream from the 
primary extraction stage to maintain a high recovery. 

The bitumen is fed to a fluidized bed coker as shown in 
Fig. 5.'*7’ The reactor operates at a temperature of 600°C 
and™’ a pressure of 10-20 psig (69-138 kPa)-with injected 
steam being used to control the particle size to less_ than 
200 pm. Approximately 15% of the bitumen is converted to 
coke with one-third of the coke being burned to maintain the 
fluidized bed temperature. Excess coke is produced at a rate 
of approximately 2,200 tonnes/day containing 9% sulphur, 


O.07-0209 te nickel. and 0. 17-0.27% vanadium. 
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Compound Cyclotrell ash(%) ESP ash (%) 
S10, 30 2O.9 
A105 20 susie, 
Fe,04 6 D.> 
V20 6 45 
TiO, 3 6.0 
NiO a5 Lee 
S Z 220 
CaO % (Bat 
Na,0 0.5 0.45 
C 30 30 
M00 4 0505 Chak 
MnO Our One 
K,0 Te) tk Ail 
MgO 126 Hh, eal 
P05 Ort Oral 


Table 9. Suncor ash composition 
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Fluid coker burner off gas, having passed through a CO 
boiler, is treated in electrostatic precipitators. The ash, 
Or unburnt coke, since the coke particles pass through the 
CO boiler without any significant combustion, is collected 
at a rate of approximately 170 tonnes/day. The ash, 
containing approximately 1% vanadium and 0.3% nickel, is 


Sluiced with the excess coke and sent to settling ponds. 


Vanadium and Nickel Extraction 

No detailed information is available on the chemical 
extraction of vanadium and nickel from oil sands fly ash. 
Although a patent'**® has been issued for the ext@aee ion of 
vanadium from the ash with sulphuric acid, another’ study® 
reports that extraction is low and acid use high. 

Stemerowicz et al.'** examined the pyrometallurgical 
recovery of vanadium and nickel from GCOS (Suncor) fly ash. 
Their mineralogical examination showed the carbon to _ be 
present aS coarse irregular grains; the metal content was 
contained in aluminosilicate spheres. 

Initially, the carbon content of the ash was adjusted 
by®Poastingrat B00*clformi8 hrior® byyPetotati one bertoetation 
uSing pine oil, kerosene and Dowfroth 250 produced a froth 
containing 84% carbon and a residue containing 0.2% carbon. 

The pyrometallurgical studies were aimed at producing 
commercial ferrovanadium and ferronickel; three routes were 


attempted: 
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i=ansmelting sthessash. with FeS te) form-aniiron-nickel 
matte and a vanadium-rich slag, then smelting the slag with 
aluminium or silicon to form FeV. The matte contained 40% 
mickelsmhowever; the high slaqytoomattésratio (20:1) strapped 
vanadium in the matte and nickel in the slag. 

2. Smelting the ash with carbon to form FeNi and a 
vanadium-rich slag. The alloy was produced in a commercial 
grade but 24% of the nickel was trapped in the slag. 

3. Reducing the nickel, iron and vanadium with carbon 
to form an alloy and selectively reoxidizing to produce FeNi 
and a vanadium-rich Regree The initial alloy was produced 
with small metal losses to the slag, but the small mass 
produced (2% of the ash) limited the reoxidation step to one 
test.'*° The reoxidation products were 

slags i28%1V,-24% eh 6,924 oN} 

me edk09% (VV p97 4% Fe, 213%eNi 
with the contamination possibly being due to a very thin 
Slag layer. Further studies may be warranted when sufficient 
alloy can be produced for a comprehensive series of tests. 

Two studies'‘*' '*? have examined the leaching of iron, 
vanadium and nickel from three types of Athabasca coke; 
delayed, fluid and flexicoke (from a pilot plant 
operation'*?). Sulphuric acid leaching removed 42% of the 
iron from the delayed coke and 30-40% of the three elements 
from the flexicoke, but little else. Bacteriological 
leaching with thiobacillus thiooxidans produced similar 


results. Halogenation with chlorine and bromine extracted 





















faeorn-a yrs‘ crue at ea + ws2@5 sad2 enteiome wt 
jin pele sat paiatame 49d (oases tofi-nu i Saqsy 6 tne 63¢6m 
‘6 hantethico 42) ent eal v soi O72 O@hs om WO mininke 
Baaets (1 tO) ore Sone og ogle dofd- ecg tevaetod (feds 
pela sdW at Ilptatn ors atu edd @i mutSen 

i oe ‘a ria 63 Ned ¢riw ite et parcial .§ 
fe anf .ean2 dofy—mw Lb 2. 
tok seuqea? gaw lot pet sit ¢0 ¥as tu 3 
sodiaiso ditw mulrhsni Bre rode. ,.Pasain J ; on Lee it i, 
tig? Soubotdq-oF ¢ | bimoe: yleriseefee Bee Yale 
bespeiq zaw yolle Lleizti &¢ .esla cots-mtbena- @ 
: ¥" iierme ‘set: ~ dete ' oo e9ee0] lagen [hse ta 
| qaje nottebixost eao Setar ys ' bh ee be 
S1sW' el. lesy Ota s yoga ee, Sere 
4 RS | goth) Ae ee aele- * 
PMASEN.. ST! GES a” '2) : geen ie + ave 
of sub pnisd ‘eldbeabe “A i sambab ates wa” ¥ 
jnetforltive nadw Bbesnrsiiaew sé Lor &9Lo008 Aedom mat ps, 
farted 70 291198% 5 viaheaiohne h Ya —" mae 


; fwbs > Sottssel and Genimeis, sner A= aT 


/ 5 ah ae 
a) ina 


46 


less than 7% of the vanadium and 3% of the nickel. 

The authors show that the vanadium in the fluid coke is 
concentrated at the centre of the coke spheres. They suggest 
that Behe Mleaching Biromtetlexicokencis “dueSitorvitsechigh 
porosity. Further, they state that coke combustion below 
500°C leaves nickel and vanadium in an acid soluble form, 
but no results are presented. 

A recent publication'‘’* has reported the first detailed 
Biysacabweand tchemicalesexaminationyreortrGcOS fly ash. A 
Scanning electron microscope analysis of the ash showed that 
it consists of large coke particles (>37 pm), and fly ash 
spheres, cenospheres- and pleurospheres. Microcrystals, 
Cai -O.Jeamelimediameter and¥0.5-5 pmsin length, were located 
on the surface of the spheres and appear to be enriched in 
vanadium, nickel, titanium and iron, and deficient in 
Silicon. These microcrystals were the only component of the 
finest size fraction separated (<4.2 pm), and accounted for 
MEGTIWCPZCOLEGthe ashe 

A procedure developed at the Alberta Research 
Council'**® is aimed at fixing the sulphur in the inorganic 
fraction of the Suncor coke. It produces an ash in which the 
vanadium and nickel are easily soluble in acid, although the 


metal concentration in the ash is significantly lowered. 
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II. ASH CHARACTERIZATION 


A. PHYSICAL CHARACTERIZATION 

Fly ash was supplied by Suncor (GCOS) and Syncrude 
throughout this project. The nomenclature used to identify 
the samples, date received and collection equipment are 


detailed as: 


SuNCOrs J Jil yeu! 9:77 Cyciotrell 
Sune ora Ll August 1979 Cyclotrell 
Suncor lit March 1980 Gyctorrely 
Suncor IV May 1980 ESP 


Syncrude I December 1978 ESP 
Syncrude II May 1980 ESP 

All physical studies were carried out on {fly ash 
(boiler and cyclotrell ash in Fig. 3) supplied by GCOS in 
July 1977. Preliminary studies showed that the ash had a 
density of 2.24 g/cm? determined by an air pycnometer and a 
mean particle diameter, uSing a Coulter Counter Particle 
Saze Analyzer, Of 15.7 pm. 

Further particle sizing was carried out uSing a Warman 
Cyclosizer with a 20g ash loading, a flow rate of 
13.3 l/min, an elutriation time of 45 min and assuming a 
constant | particle si densitysyclse2724ec7 cna. This sizing 
produced six fractions, each of which was then sized on the 
Coulter Counter to determine the mean particle diameter of 
each fraction, independent of particle density. The weight 


distribution, mean particle size and density of each 
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fraction are shown in Table 10. In general terms, it can be 
noted that the material is very fine with 38.6 wt % of the 
ash particles being less than 14.5 pm in diameter. 

Magnetic treatment of the ash produced a magnetic 
fraction of approximately 1%. 

The Syncrude II ash has no magnetically separable 
fraction. It is also considerably coarser than the Suncor 
ash with 50% of the ash being >250 pm in diameter and only 


10% being <100 pm.The! density of the ash is 1.56 g/cm°. 
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B. CHEMICAL CHARACTERIZATION 


Experimental 

Chemical “characterization ‘of the ash involved six 
methods: atomic absorption analysis of digested ash 
solutions, neutron activation analysis, x-ray diffraction, 
electron spin resonance spectroscopy, Leco sulphur analysis 


and gravimetric silica determination. 


Atomic Absorption 

The standard technique for ash analyses recommended by 
Perkin-Elmer'**® was used for all ash samples received and 
for all treated ash samples. Approximately One g of ash was 
heated with 10 ml of hydrofluoric acid until near dryness. 
Pecereecooling, = W0uml lof perchlorichacid’wastadded and the 
solution steamed for 2 min. Then, after cooling again, a few 
drops of concentrated HCl were added and the solution heated 
until near dryness. If no undissolved ash remained, the 
solution’ fwas? mixed withei5=255mlco0fs10%.HCl and made up’ to 
100 ml with distilled water and 5 ml of 4% lanthanum 
chloride solution to reduce ionization interferences. To 
dissolve any remaining ash the perchloric acid addition was 
repeated. 

The solution was then diluted as required and analyzed 
for various elements on a Pye Unicam SP 1950 Atomic 
Absorption Spectrophotometer uSing the methods recommended 


by Perkin-Elmer. '**® 
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The determination of vanadium by atomic absortion 
spectroscopy (AA) can be affected by the presence of 
titanium and aluminium in solution. Under the analytical 
conditions used for this study, these elements had a 
negligible effect on the apparent vanadium concentration at 
levels below 50 ppm. The vanadium absorption appeared to 
increase by 10% as the titanium and aluminium content 
increased from 50 ppm to 500 ppm. 

The vanadium standards used in the AA analysis did not 
contain aluminium and titanium, since the content of these 
metals in the analyzed samples was unknown. The effect of 
using these AA standards, on results which are _ presented 
later, can be summarized for each section: 

1. Ash Characterization: 

The maximum aluminium and titanium concentrations in the ash 
characterization solutions are 10 ppm and 5 ppm 
respectively, producing a negligible change in the vanadium 
analysis. 

2. Preliminary Extraction Studies: 

The maximum aluminium and titanium concentrations are 
unknown. But any enhancement would increase the apparent 
vanadium eens wee by a maximum of approximately 10%, so 
extraction processes are not disregarded due to analytical 
errors. 

3. Vanadium Extraction Optimization: 

The aluminium and titanium concentrations of solutions for 


vanadium analysis do not exceed 1 ppm - again, negligible 
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effect. 

4, Nickel Extraction Optimization: 

The aluminium and titanium concentrations of solutions for 
vanadium. analysis are approximately 75 ppm and 10 ppm 
respectively. Assuming the worst situation in that aluminium 
enhances vanadium concentration by a linear relationship 
from 50 ppm to 500 ppm aluminium, at which time the vanadium 
absorption has been enhanced by 10%; then the vanadium 
concentration and hence the vanadium extraction is estimated 
to be enhanced by no more than 2%. An extraction solution 
for this system was examined, and the addition of 500 ppm 
aluminium and titanium to the sample and standards changed 
Ehe  Vanadrumes 'eenecentratrom! from 1e13).3:eppm to 13.0 ppm, an 
error of less than 2%. 

An alternative digestion procedure'*’ produced similar 
results to the Perkin-Elmer technique. About 0.2 g of ash 
roasted at 500°C was digested at 110°C in a Parr Teflon 
augestion YsbombWowithr o22mbr.of saquancregia and ia2 imi of 
Hyarot tucmresaacidbioanti hne After acoobingy sticg wohebonia dcid 
was added to the solution which was then heated on a 
waterbath for 15 min. The cooled solution was then made up 


to 100 ml and analyzed by atomic absorption spectroscopy. 


Neutron Activation 
The accuracy of the above dissolution techniques was 
checked for vanadium by neutron activation analysis (NAA) as 


it has previously been noted'‘’’ that volatile vanadium 
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compounds may be lost during digestion and roasting. The 
analyses were carried out with the assistance of 
DERPMUNG .PApps Sat the University of Alberta Slowpoke 
baci cnt y. 

Preweighed standards (V,0;/Si0,) and samples were 
trradiatedurin “the reactor*by a flux of 10‘* °n/cmi see? for 
30 sec, then allowed to decay for 10sec. The 1.433 Mev 
y-ray emisstrons from the  *'v(n,y)*?V reaction were then 
detected and counted by a Ge(Li) detector and a multichannel 


counting device. 


X-Ray Diffraction 

In an attempt to identify the mineral species present 
in the ash samples and in the ash after different treatment 
schemes, x-ray diffraction was carried out. The diffraction 
apparatus consisted of a Rigaku-Denki High Voltage 
Generator, a Philips Horizontal Goniometer and a Philips 
Curved Crystal Monochromator. The incident radiation was 
from a cobalt tube and the diffraction scans were made from 


6 to 100 degrees (26). 


Electron Spin Resonance 

The electron spin resonance (esr) of various ash 
samples was determined with the assistance of Dr. K. Schultz 
at the Alberta Research Council. 

The samples were placed in a high-intensity magnetic 


field and the frequency varied. To yield an esr spectrum the 
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material must have one or more unpaired electrons. The 
magnitude of the resonant frequency can indicate the ion and 


compound present. 


Sulphur Determination 

Sulphur content was determined with a Leco Induction 
Furnace and Titrator. This technique assumes all of the 
sulphur is converted to sulphur dioxide which reacts with 
the free iodine to form HI. 

SO, thhy S32He0 —2eH SOe +w2HI 
The presence of free iodine with a starch indicator is 
denoted by a blue colour and a standard potassium iodate 
solution is added according to the reaction, 

KEO. PROKIBLIGHE! ~2a6kKeGhili veh eresH.O 
to maintain a constant colour intensity as detected by a 
photocell. 

To obtain an adequate combustion of the sample ina 
short enough period of time to prevent crucible destruction, 
it was necessary to add one scoop of vanadium pentoxide, one 
scoop of iron and one scoop of tin to the ash sample. (One 
scoop = 0.5 cm?). Normally, 1g of sample will be suitable 
for a sulphur range of 0-0.2%; but for the high sulphur ash 
the samples weighed 0.25-0.4 g and the concentration of the 


i1odate solution was increased by a factor of five. 
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Silica Determination 

The silica content of the ash was determined by the 
technique of Rigg and Wagenbauer.'** Briefly, 1 g of ash was 
fluxed with 5 g of sodium carbonate for 30 min. The cake was 
reacted with 25 ml of 9 M HCl, then heated to dryness. The 
salts were dissolved in 10 ml of concentrated hydrochloric 
acid followed by 100 ml.of hot water. After filtering, the 
solid residue and filter paper were combusted in a platinum 
Gruciple and heated at 1200°C for 2.5 hr. After cooling. and 
merghing,;) the esilical residue Jwas contacted with 15 ml of 
hydrofluoric acid and heated to dryness to drive off the 
Silicon as SiF,. Finally, the crucible was reheated to 
1200°C for 30 min and then reweighed. Thé weight loss 
represents the silica originally present in the crucible; 
Some additional silica dissolves in the initial treatment 
steps and can be determined by atomic absorption analysis of 


the filtrate. 


Ash Composition 

The elemental composition of the as-received fly ash is 
shown in Table 11. The variations in the Suncor I ash were 
determined during the use of a five gallon container of ash. 
The other Suncor and Syncrude ashes were sampled as a single 
batch. 

For the Suncor ash, the carbon content ranges from 
35.0% to 88.4% with the sulphur content being 2-5%. The 


Syncrude ashes have much higher carbon and sulphur contents, 
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as they are really unburnt coke. 

Table 12 shows the carbon/sulphur free (205 1eeS) 
analyses of the ashes for vanadium, nickel, iron and 
titanium. For the Suncor ash, the ranges are: 

eine wae ay! 
Neckels 1702-22907 
Vanadium: #2. (8-57 10% 
Titanrums 2.2 1-4 706% 

Compounds are well-known that contain vanadium in the 
Poet spe ts) OL +5 Oxldation States. Elemental vanadium ~has 
the electronic configuration: 

hS"297p53S-p*d*4s° 
Therefore, vanadium in the +2 or +4 oxidation states as well 
as elemental vanadium, has unpaired electrons and will 
produce an eSr spectrum. 

The esr spectrum of Suncor I ash contained no vanadium 
resonance peaks, only the characteristically broad peaks of 
magnetite, Fe,0,. Thus the vanadium in the Suncor I_ sample 
iS present in) “the  =+3" and/or +5 oxidation states and the 
magnetically separable fraction is probably magnetite. 

The x-ray diffraction scans of all the ashes produced 
broad peaks at 6-30 degrees (26), typical of amorphous 
Silicate material, anda few small unidentifiable peaks at 
higher arate Scans (Gf ther various |Suncory 1) ash size 
fractions produced by the cyclosizer were similar, although 
the peak intensity increased with decreasing particle size. 


This result may be due to an increasing compound 




















ston. dated (tings ove yor ae, f 


yt .0> a: | widgtue\Podys5 - ont avade ft eldeT 


» : ba 7 —- . & 
24 1} \istsin \apifensy 26? @sdes ett 30 eeeyians 
(e7s Beprey sft ,nes tonne edd 209 .mpingdee 


YT  treOO)\2 coed s 
; 


-SO,) siedesa 
fot..eeRy .% fy wena . 
30 2-7O.S sleet , 


ni mitbensy asejiodoo 4643 nwons=tiewW 276. Beeiemeo - 


AStiev Psd nsmehs ~Pa376 3% pisRixn 2+ ap Be , EF 3 J 


—_ 


\ortetupltaes Sbee6sZsale 
~ “eb'e’q et*g*ae*eat & 


f 


s4P 4 r+ ts S ste.gl moerbene®., $30 teens 


J eet (\tltbaney fesneneia Ba 
xi 


“uI2>sTe Yee ne eoubBogte 


121f6iA6> das I aooted §0 MG 2oage Tae oat . 
; is * 


yilstiv?isetestads efe yfvo ,aleg Gaprnenens 
“iy 


bw poo mle eit ot milheiév. sao guay «0168 sit lone : 


7 


Wid Sta 28¢ade nvlirsbrad 2 1O\Ete 6 ead” At 2NS2V 1G - rc 
> 


-2titenpem Vidadotg ei mei toes eldaisgéa elieoide 








seins sda (le % andve woldcexSige eeh-x ee ‘ 


= 
a oe) | nny ben 
igdig /VOS)- sesageh Of-a« 
= SN 


ae ee ae 












Element Syncrude 
I a 
V ig BE Sees. 
Ni oy 0.20 
Fe fea 10.74 
Di 14.90 nd 


nd: not detected 


Bre oO 
OA ee > 
5.31-7.34 
2.24-4.06 


Suncor 

ice ater 
Pate Oro 
ialele 2.90 
Die ees Le 
Buster) es 


Table 12. Carbon/sulphur free ash composition (%) 
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concentration, or, more probably, due to a particle size 
effect. 

Additional samples of the Suncor I ash were roasted in 
air, argon and hnaeean at temperatures of 700°-1100°C. 
Although 4 or 5 well defined peaks were produced in most of 
the scans, they were insufficient for any mineral species 


identification from the ASTM X-Ray Powder Data File. 


Particle Size Effect 
_ Previous authors’?! have noticed that the 
concentration of various elements ina fly ash is dependent 
“pon the particle size of the ash. Specifically, one 
group'** have noted that vanadium, nickel, titanium and iron 
erementiched inthe: finesfraction (<4. Zi um) of GCOS fly ash. 
Table 13 shows the results of chemical analyses of 
various size fractions of Suncor I ash. In general terms, it 
can be noted that: 
ae neeconcentnhabion or Cr, Fe, eke Mn; Ni, Ti “and. V 
increases as the particle size decreases. 
b. The maximum concentration of Al, Mg and Si occurs 
preec Me wie 5 418 eum teac tion: 
c. Compared to the bulk material, the fine fraction 
ig deficient in Alj) CS amd 51° and -entiched in 
CaLsGr, Fe, i Mg, EM Na Nie Tp ands Vv. 
d. Carbon and sulphur concentrations decrease as 


particle size decreases. 
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Now, according to the Simplified vaporization- 
condensation model and its associated concentration 
equations, if the deposition layer is assumed to be of 


negligible thickness, 





6 Che 
C= C1 tad 
mes, Cc. @ Dg! and a plot of Ge Wee 1/D will have a slope 


emoC./p and an intercept at C,. 

These plots are presented in Fig. 6 and 7 for vanadium 
and nickel. The results are similar to those of Smith et 
al.'® described earlier with a linear portion over the 
coarse size range anda relatively constant concentration 
region in the finer size range. 

Evaluating the parameters and assuming p = 2.24 g/cm?; 
for vanadium C, = 1742 ug/cm? and C, = -0.264%, 

Poe ickel C. = 666 ug/cm*-and C,, = -0:23%). 
HOWeVememcUCSCuELeSuUitS Mayebe in e€rror due to the negative 
VelUesmoi Cy andsthe @high | vanadium value of C., (which 
implies that all the spheres consist entirely of vanadium). 

The basic reason for these possibly erroneous results 
is that the carbon content is not distributed evenly 
throughout the ash. Its presence in the sized ash decreases 
as the particle size decreases and, as will be shown in the 
next section, it iS present as discrete material, separate 
from the other fly ash components. THUG) wi eet ere 15 


negligible metal content in the carbon grains, carbon-free 
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Figure 6. Dependence of vanadium concentration on ash 
particle diameter (D) 
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Figure 7. Dependence of nickel concentration on ash particle 
diameter (D) 
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analyses of the ash must be used when considering elemental 
trends. 

The treatment of this problem by other researchers®~?'! 
during the examina cient of concentration trends is not 
reported, except for four cases: 

a. Kaakinen et al.'® used carbon-free ash, 

Pest heCtwal ee Used asi With only —0.3% carbon, 
which does not Significantly affect the trends, 

c. Davison et SU pee would have shown extra 
concentration-size trends for vanadium and 
beryllium, if they had studied the ash ona 
carbon-free basis. 

Q.mlhe; only study of GCOS ash'** used carbon-free 
material. 

If the metal content of the sane grains is similar to the 
Silicate ash, the vaporization-condensation equation may 
Still be valid. 

Table 14 shows the element concentrations of various 
Size nractions of “Suncor I— ash on@a carbon-free basis. 
MECNOUGMe TION ends "are NOW apparent, git is worth noting: that 
the "matrix" elements (Al, Ca, Mg, Na and Si), are generally 
at a lower concentration in the fine ash (<14.5 pm) than the 
other size fractions. 

The lack of concentration trends implies that the 
vaporization-condensation model is not applicable to _ the 
conditions under which Suncor fly-ash .is produced. In 


particular, these results suggest that V.0,; is not vaporized 
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during coke burning. Since the boiling point of V.0; is 
Significantly above the firing temperature of the coke, 
little vaporization may be expected. 

The lack of volatilization of vanadium is suggested by 
a study of the utilization of Suncor coke as fuel in cement 
manufacture'‘’ which showed that only 5% of the vanadium is 
collected in cement kiln off-gas during combustion. at 


1450°C. 


SEM Studies 

Microscopic analysis of the fly ash was carried out 
uSing an International Sefentie rc Instruments 151-60 
scanning electron microscope (SEM) with an energy-dispersive 
analyzer (EDA), which can present information on the 
elements in the sample. Although only semi-quantitative, the 
qualitative results can be an indication of the relative 
proportions of elements present in the ash. The energy 
dispersive analyzer uses an electron beam which determines 
the elemental composition of 1 pm°® of sample. Thus, the beam 
may penetrate thin samples and the reported composition may 
include the material beneath the sample. The markers at the 
upper left corner of the SEM photographs indicate the scale. 
To simplify the use of the markers, the length of the 
farthest right = marker 16 includeds after the photograph 
title. 

Suncor I ash, typical of all the Suncor samples, is 


shown in Photograph 1. The ash basically consists of two 
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forms, ash spheres and irregular carbon grains. 

The spheres are generally very regular, and consist of 
Single spheres with a clean Surface, ones with microspheres 
attached to the surface and agglomerations of spheres. It is 
expected that some of the spheres are hollow (cenospheres), 
Similar to the sphere shown in Photograph 2, which has a 
small opening. The other fly ash phenomenon of pleurospheres 
was not unequivocably found, but it would have been very 
fortunate to have done SO; one would need to locate a sphere 
Similar to Photograph 2 and, within ity la dent fyaues sphere 
larger than the visible hole. 

Photograph 3 may show a Pleurosphere, but it is more 
probably a large broken cenosphere that ne & physically 
entrapped smaller spheres. The Sphere is covered with small 
microcrystals, Os iz OS tm in diameter and 0.5-5 pm in 
length, similar to those identified by Bueno et al.‘‘* The 
microcrystals were found VenYemOnEtequently aneavi of the 
available ash samples, which differs markedly from the high 
concent rae@on wot crystals (S7ewt%), Eounde Gn the above 
Study. 

EDA examination of the individual crystals showed them 
fO be rich in titanium, | vanadium Sesion; OF, some 
combination of these elements. But there was no apparent 
difference between those rich in vanadium and those rich in 
ELON etcy 

The elemental EDA scans of fly ash spheres and 


microcrystals are presented in Fig. 8. (The gold peaks are 
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Figure 8. EDA representation of Suncor ash Spheres and 
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from the sample preparation routine.) These scans may show 
that the crystals are relatively rich in iron, vanadium, 
titanium and nickel compared to the fly ash _ spheres. 
Additionally, the crystals are deficient in aluminium, 
Silicon, calcium and potassium compared to the bulk 
material. These results are similar to those of Bueno et al, 
which suggested that the concentration of vanadium, nickel, 
iron and titanium are increased, and silicon decreased in 
the crystals. 

Furthermore, they report) the: "fines"« (<4 ,2 pm) as being 
only microcrystals. Although the lack of suitable equipment 
prevented the extraction of a similar sample from Suncor 
ash, it was noted that there was an increased quantity of 
microcryStals in the fine ash (<14 pm). 

Syncrude II ash is shown in Photograph 4. The grains 
mainly consist of carbon with small amounts of silicon and 


aluminium spread throughout. 
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III. PRELIMINARY EXTRACTION STUDIES 

The initial aim of the preliminary extraction studies 
was to use the information gained from the ash 
characterization to suggest a possible route to extract 
vanadium and nickel from the ash. However, the 
characterization provided insufficient detail of the 
compounds present in the ash to reduce the number of 
preliminary tests. Similarly, the literature review produced 
an extremely wide range of possible extraction procedures. 
Thus, the preliminary extraction studies were carried out in 
an attempt to select the optimum procedure from a large 


number of possibilities. 
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A. DIRECT LEACHING 

Direct leaching of vanadium and nickel from ash has 
previously been achieved by a variety of reagent sie *-8s<clThe 
majority of these techniques were applied to the Suncor I 
fly ash. 

The general leaching conditions were such that 20 a) ee 
ash was leached with 60 ml of 10% Reagent Lory ahr at 
B46=97°Cowith-smixing under! *reflux conditions. The “hot 
Slurries were filtered and the filtrate analyzed, after 
cooling, by atomic absorption spectroscopy for vanadium, 
nickel and iron. Occasionally throughout the leaching 
studies the residue was dissolved and analyzed. The mass 
balance was accurate to within +5%. . 

The leachants used and variations in the leaching 
conditions were as follows: 

aa” water: atie20Ch andi 97 “cn 

b. nitric, hydrochloric and sulphuric acids at 10% 
concentrations; equivalent to molarities of if6/0 
2.87 and 1.09, respectively. 

©. WOZSoSoluti ons of sodium carbonate, sodium 
hydroxide and ammonia (as NH,OH) with molarities 
of 1.04, 2.77 and 5.62, respectively. 

d..Shydrogen peroxidesus%te solutionprat (25°%carand! osx 
solution at 2556 acidifaedew toompHius Scawith 
Sulphuric acid. 

e. 10% sulphuric acid with 10% sodium chloride: tr5y% 


Sulphuric acid with 5% hydrochloric acid. 
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The results of these leaching tests for the extraction 
of vanadium, nickel and iron are shown in Table 15. Only the 
acidic extractions were affected by increasing the leaching 


time to 12 hr; the increased extractions were: 


HNO , SeMesooeto 18.8%) Nis ass tol ta2x 
HCl -oVwhe.98to 19.9% Ni: 1232 to 204% 
es ~e. ) Vethier 3 to 18.8% SNPs to 16.3% 


Thus, increasing the leaching time does not produce a 
sufficiently increased recovery to merit further studies. 

Table 15 also shows that the simple procedure of 
leaching with water will not extract any Significant 
Quantities of vanadium, nickel or iron. However, water 
leaching at room temperature will dissolve some elements, 
namely: 

30-40% of the calcium, copper and sodium, 

20-25% of the chromium and magnesium, and 

15-20% of the manganese and potassium. 
These extraction results, along with the proven increase in 
extraction of some metals from oil sand cokes with the 
bacteria thiobacillus thiooxidans,'‘? may indicate possible 
industrial environmental problems from groundwater 
contamination. 

It is impossible to accurately interpret the variations 
in extraction efficiency; however, a few comments can be 
made. Firstly, acidic solutions dissolve up to 20% of the 
three metals examined. Secondly, basic solutions, apart from 


the ~high extraction of vanadium by sodium hydroxide, 
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Leachant and Extraction 


Conditions Vv Ni Fe 
H,0 20°C 0.4 way nd 
H,0 97°C 0.2 aS nd 
HSO), 1g WP us 14,3 
HC1 13.9 Tone 16.6 
HNO 1Be5 7.9 9.8 
NH 45 nd nd 
NaOH Aye Be @ al 
Na,C0. 627 nd nd 
Hee us B7e2 nd 
H,0, (acid) 8.5 2.8 16.8 
H,S0),/HC1 20.4 2.2% 7.3% 
HSO)/Nacl Ze! 14 1 2.9% 


B 
++ 


: Na,S0) PPG. wLormeds nd: 165 detected 


Table 15: Direct leaching extractions (%) 
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dissolve small or negligible quantities of the metals. 
Lastly, hydrogen peroxide, although dissolving .a large 
Quantity of nickel, is neither successful for vanadium 
extraction nor a likely economic industrial leachant. 
Overall, none of the extraction results shows a 
sufficiently high recovery (>70%) under reasonable leaching 


conditions to merit further investigation. 
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B. PRE-LEACH ROASTING 

Prior to leaching, the Suncor I ash was roasted in air 
in a muffle furnace for 6 hr at temperatures of “600°, 800° 
snomie00*C.sAt 1200°C the ash had completely melted. 

The leaching conditions were similar to the previous 
tests with a phase ratio of 3 ml/g of roasted ash. Analysis 
of the leachates was obtained by atomic absorption 
Spectroscopy. The extraction of vanadium, nickel and iron by 
the same reagents used in the previous tests is shown in 
Table 16. 

Very little vanadium, nickel and iron dissolves in any 
of the leachants from ash that has been treated at 1200°Cc. 
The exception is the case of sodium hydroxide, where 40% of 
the vanadium is transferred into the basic solution. 

Only small quantities of iron and nickel are dissolved 
by any reagents from ash roasted at 800°C. However, the acid 
leachants dissolve 45-57% of the vanadium; the basic. ones, 
20-36%. The acid extractions “are similar to those found 
pPeeviously, 7997" 

Roasting at a lower temperature (600°C) slightly 
decreased the extraction of vanadium by the two leachants 
tested (sulphuric acid and sodium hydroxide), and it may be 
expected that similar effects would be observed for the 
other leaching solutions. Further tests showed that roasting 
for longer time s/periods;) or roasting in oxygen had a 


negligible effect on the extractions. 
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Another series of tests involved roasting the ash at 
various temperatures followed by leaching with 10% sulphuric 
acid. The maximum extractions, which occurred after roasting 
at approximately 760°C, were 60% of the vanadium, 5% of the 
nickel and 6.8% of the iron. 

During the series of tests shown in Table 16, 
precipitates were formed in the filtered solutions on 
cooling. These were identified by x-ray diffraction analysis 
as sodium sulphate and calcium sulphate. 

Once again the results did not produce a_ sufficiently 
high extraction of vanadium or nickel to warrant further 
investigation. 

Preésleach roasting @with various additives has been 
Suggested as the best extraction route fOr many 
Seeese ss = Suncor | “ash was “roasted: at’ 800°C with 
20 wt % of each of the two most popular additives, sodium 
chloride and sodium carbonate. The leaching reagents and 
procedure were similar to the previous tests and the 
extraction results are presented in Table 17. 
| The vanadium extraction results were high compared to 
previous tests, producing solutions with negligible 
contamination by nickel or iron. 

The highest vanadium extraction used sodium chloride as 
the additive and leached with sodium hydroxide solution. 
But, Since water and the basic leachants also extracted a 
reasonable quantity of vanadium into solution, these cannot 


be disregarded and will be investigated further in the next 
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section, 

The formation of an unfilterable gelatinous product 
during the attempted leaching of the ash by acid solutions 
was found to occur until the acid concentration was 
Substantially decreased. At a concentration of 3% Sulphuric 
acid, the ash became filterable after leaching. “This acid 
Solution extracted 37% of the vanadium from sodium chloride 
roasted ash and 33.5% from sodium carbonate ash. 

Gelatinous material produced by acid leaching is 
normally formed by activation of clay minerals which leads 
to an increase in their. catalytic, adsorptive and 
decolourizing power. Ovcharenko et al.'®® have shown that 
activation is accompanied by the dissolution of the 
octahedrally coordinated magnesium, iron and aluminium ions. 
The transfer of these ions to the solution is accompanied by 
the transfer of protons into the structure to form Si-OH 
groups. When the dissolution occurs at the innermost 
octahedra, the silicon-hydroxide groups are no longer 
retained on the particle; they break away and polymerize to 
form Silica gel. 

Roasting with sodium chloride or sodium carbonate at 
600°C and leaching with sodium hydroxide or 3% sulphuric 


acid reduces vanadium extraction by approximately 50%. 
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C. MISCELLANEOUS 

Although these miscellaneous tests were not carried out 
in chronological order with the preceding and succeeding 
tests, the following series of studies may be considered as 


preliminary. 


Chlorination 

Direct chlorination of ash has been suggested in two 
Studies*®? ** while another study**® has reported that 
roasting with sodium chloride will volatilize VOC1,. 

All vanadium chlorides are: 

1. liquids or gases at room temperature, 

2. in a gaseous form above 100°C, and 

3. soluble in water or alkali. 
These properties were utilized in the chlorination apparatus 
and experiments similar to those of Skeaff.'*' 

The ash was heated to various temperatures (287°, 492° 
and 700°C) in an argon atmosphere. Chlorine gas was then 
introduced to 4 g ash samples at a rate of approximately 
0.5 1/min for one hour. The furnace gas was passed through a 
krap at-O2G;ethen bubbledcethrotgh a#i250T57/1 lsoluticntiver 
sodium hydroxide which would absorb unreacted chlorine gas 
or volatile vanadium compounds. A second trap contained a 
solution of sodium hydroxide and silver nitrate, so that any 
chlorine reaching this stage would produce a visible 
precipitate of silver chloride as a protection against 


atmospheric venting of chlorine gas. 
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For each temperature, three "products" were analyzed: 
high temperature condensate after dissolution in sodium 
hydroxide solution, low temperature condensate after similar 
dissolution and the sodium hydroxide collector solution. The 
low temperature condensate was collected in the 0°C tia os 
the high temperature condensate in the silica tubing from 
the furnace to the trap. No vanadium, nickel or iron was 
carried through to the collector solution. The vanadium was 
recovered as low temperature condensate; the nickel as high 
temperature condensate. The iron was collected as a high 
temperature condensate at the lowest temperatures; but at 
pUO@G; 883% of “the recovered iron. was- low temperature 
condensate. 

However, as shown in Table 18, the extraction recovery 
of the three elements is insufficient to warrant further 


investigation. 


Smelting 

The direct smelting of an ash to form an alloy has been 
Suggested in Japanese patents’* 77 and by Stemerowicz et 
ala” ** “using GCOS, (Suncor) fly ash. The latter study 
recommended a process of reducing the vanadium, nickel and 
iron with carbon to form an alloy and then selectively 
reoxidizing to produce ferronickel and a vanadium rich Slag. 

Based on this study, three smelting tests were carried 
out with carbon-free (roasted) Suncor I ash. The ash mixture 


consisted of: 
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100 g of roasted Suncor I ash, 

26 g of sodium carbonate, and 

coke as a reducing agent. 
The sodium carbonate addition was enough to produce ae slag 
with a silicate degree of approximately one, so as to avoid 
entrapping any alloy in a high viscosity slag. 

Vanadium, nickel and iron were assumed to be present as 
V.20;, NiO and Fe,0, respectively. If these compounds”) are 
reduced by carbon to the metal and carbon monoxide, 3.35 g 
of carbon are required; if reduced to metal and carbon 
dioxide, 1.67 g are required. The four test mixtures 
contained 2, 4, 15 and 20 g of coke (90% carbon): the last 
test also contained 4 g of calcium fluoride to increase slag 
Fluidity. The earlier study'>? uUsedgamcabDONeLOrasn ratiorot 
approximately 0.1 COP ie this “implies that the “carbon 
addition was four times the quantity of carbon required to 
reduce the metal oxides and form carbon monoxide. 

The ash mixtures were placed in a covered zirconia 
crucible and heated in a furnace to 1400°C for 6 hr. After 
smelting, the volume had been reduced by 95% and the residue 
was firmly bound to the zirconia crucible. In each test the 
Slag residue was broken and examined for areas of alloy 
entrapment. 

The quantity of alloy formed, its metal content and the 
recovery -of each metal in the alloy is shown in Table 19. 
The results of the study compare reasonably to the earlier 


work under the recommended optimum conditions. 
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Coke Alloy Alloy composition Alloy recovery 
addition (g) produced (g) Ni V Fe SiN ome veer ec 
2 0 - - - = = = 
4 Qerie2 lee lye Wests 2 1 2 
15 LEO 2 Ta, Or la. 9 59 ack 82 V1 eke 
20 Hird ets. EOC Japa SESS, 81 Sys Aeys) 


Table 19. Smelting-alloy recovery and composition (%) 
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Even though the nickel and vanadium recoveries are 
reasonable, further processing must occur to separate the 
metals and produce commercial products. The production of 
peV “and @FeNie from | thejaalloy:+has-sondy been briefly 
examined,'*® primarily due to the large quantity of ash 
required (100 kg of ash may only produce 2 kdeOfsaldoy). 

In this study, the smelting technique was not examined 
any further due to the high recoveries of vanadium and 
nickel by other techniques and the materials handling 
problem involved in even a brief determination of the alloy 


product. 


Pressure Leaching 

An unpublished study'*®? of the sulphuric acid pressure 
leaching of GCOS fly ash showed that the temperature 
(65°-120°C) and sulphur dioxide pressure (0-50 psig) have 
little effect on vanadium and nickel extraction. However, a 
high temperature leach (250°C, 550 psig) extracted 70% of 
the nickel and 32% of the vanadium. 

An attempt was made to reproduce this high nickel 
Recovery by -leaching Suncor I ash at a temperature enor 
approximately 130°C and a pressure of approximately 50 psig. 
The extraction test extracted 53.2% of) the nickel and, 26 05% 


Of the vanadium. 
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Sulphidation 

Sulphurization or sulphidation of ash has been reported 
as being successful*? but no information is available. 

The single test initially attempted with Suncor I. ash 
involved roasting a mixture of the ash and 20 wt % sulphur 
at 900°C and leaching with 10% sulphuric acid. This 
preliminary test extracted 93.5% of the nickel and 25.6% of 


the vanadium which obviously merits further study. 


Reduction Roasting 
Direct reduction roasting was attempted by roasting 
Suncor I ash in a hydrogen atmosphere at 800°C. Subsequent 
leaching was achieved with 10% sulphuric acid and 10% sodium 
hydroxide solutions. The extractions, which were too low for 
further investigation, were: 
He, SO 3.4% vanadium, 0.1% nickel 


NaOH 11.3% vanadium, 0.1% nickel 


4 
. 

‘ 
futaiue 

-~ 
20d 
: 4 a 
oo he 
TOU 


5 , ee i 
esicevée et Mcidcaniveink ea gud **(yleaeose prisd= 


ots fodoln add do ¥B.40@ bepesasee Seed yeni 


a 

















cher a | ‘ 
no bsabidg tue | 


sy 
6 
* 


god fag de ooigebideede to not tee TALS et © 


‘et¢iot vases sipnie ear q r 


U 
ac Bas 1 > sopgxiw @ pwiiesd: Bevieei 


iftw pittosel Baa) 37008 


6 


he 


iafsawi eaivem gieveledo dgide myibenayae 


he 
; ' 7 
= gnisasok nol73g 


7 


é 2 2601 nedtsubet' 39831G 
sistweonts oporigal @ ni ged tO See 
i (tiy Save ite Gar paidossy 


2héT tok > wir. \ en geiee vbixorby 

a4ay col lap iaeevel setae 

fascia sO .meeben #1 .8 | oor ye 
sh: i) cde Hoa) ie 


s 


d 
ae 





a 


t- iv : Pant) a ae 
a ' 


IV. OPTIMUM EXTRACTION ROUTES 


A. VANADIUM 
From the preliminary extraction studies, it appears 
that the highest vanadium extraction from Suncor I ash is 
obtained by roasting the ash with sodium chloride and 
Subsequent leaching. This section of the study is aimed at 
optimizing the extraction conditions, mainly with regard to 
the following variables: 
1. leaching medium 

2. roasting temperature 

3. sodium chloride additions 

4. concentration/pH of leachant 

5. leaching temperature 

6. leaching phase ratio 

The experimental conditions were similar to those 

previously used. Approximately 20 g of ash plus additive was 
roasted in a tube furnace in air, with the temperature 
controlled to +5°C. Leaching was carried out at 97°C for 
4 hr, with mixing under reflux conditions, and a phase ratio 
of approximately 3 ml/g of roasted ash. The hot slurries 
were filtered and the filtrate analyzed, after cooling, by 


atomic absorption spectroscopy. 


Leachant 
£ 


The preliminary tests showed that leaching of 


salt-roasted ash with water or sodium hydroxide produced a 
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reasonable vanadium dissolution. Leaching with 10% sulphuric 
acid produced an unfilterable product; leaching with 
3% sulphuric acid produced a low extraction. Thus the most 
effective leachant is either water (pH 6) or a _ basic 


solution. 


Roasting Conditions 

Prior to leaching with either water or 10% sodium 
hydroxide solution, the ash was roasted with 10 wt % sodium 
chloride for 4-6 hr at temperatures of approximately 700° to 
1000°C. The effect of roasting temperature on the extraction 
of vanadium with the two leachants is shown in Fig. 9 and 
10. (Appendix I presents the values upon which SEiG. oeeand 
able future plots are based.) 

As the best extractions are similar, the use of water 
as the leaching agent is economically more beneficial. The 
roasting temperature to maximize leaching recovery in the 
water leaching system was found to be 905°C. 

Extending the roasting time beyond 6 hr does not 
increase the recovery of metals from the ash. Similarly, 
roasting in an oxygen enriched atmosphere does not affect 
the eventual metals recovery. Roasting in neutral or 
reducing atmospheres significantly reduces the recovery and 
will be discussed later. 

In the static bed roasting used in this study, reducing 
the roasting time below 6 hr reduces the metal recovery. 


This reduction is due to the oxygen requirement for the 
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Figure 9. Dependence of vanadium extraction on roasting 
temperature with water leaching 
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Figure 10. Dependence of vanadium extraction on Vea Sad ne 
temperature with NaOH leaching 
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roasting reactions (see the next chaptem)e ito! occur. BThus,; 
roasting FOr eeless thane Gehry is “insufficient for the 
reactions to occur throughout the ash bed (depths #3) 2*cm)). 
Obviously, this roasting time may be reduced by the use of a 


fluidized bed or a rotating kiln. 


NaCl Additions 

The quantity of sodium chloride added to the ash is 
important in maximizing extraction and economic efficiency. 
Previous tests have shown that with roasting at 800°C, 
ee neci un extraction is 68.8% with 20 wt % ‘sodium chloride; 
and approximately 52 wt % with 10% sodium chloride. 

Figure 11 shows the vanadium extraction’ results of 
water leaching of Suncor I ash roasted at 905°C with varying 
quantities of sodium chloride. Although the optimum quantity 
of sodium chloride used will be an economic decision, in all 


other tests 14 wt % sodium chloride was added. 


Leaching Conditions 

The four variables that are examined involving the 
leaching process are solution pH, leaching temperature, 
leaching time and phase By her The ash used for these tests 
waS roasted at 905°C with 10 wt % sodium chloride. 

The pH of the leachant-was varied from 5.20 to 12.48 by 
the addition of sulphuric acid or sodium hydroxide solution. 
The vanadium extraction varied irregularly from 70 to 80% 


over this range; the best extraction was obtained with water 
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Figure ll. Dependence of vanadium extraction on NaCl additions 
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direct from the supply system with a pH of approximately 
ay 
| The effect of leaching temperature, with a 4 hr leach 
time, is presented in Fig. 12. The best vanadium extraction 
(81.1%) is obtained by leaching at the boiling point of the 
Slurry. Additionally, Fig. 13 shows that ‘the optimum 
extraction can be obtained after approximately 1 hr of 
leaching. Increasing the mixing efficiency by using a high 
temperature shaker bath does not increase the vanadium 
recovery. 
Under the optimum conditions, roasting at 905°C with 
14 wt % sodium chloride and leaching with water at 97°C for 
1 hr the maximum vanadium extraction of approximately 90% is 
maintained up to a phase ratio of 1 g/ml. As the phase ratio 
increases to 5 g/ml, the vanadium extraction decreases to 


74%. 
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Figure 12. Dependence of vanadium extraction on leaching 
temperature 
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Figure 13. Dependence of vanadium extraction on leaching 
time at various temperatures 
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B. NICKEL 
From the preliminary extraction studies, it appears 
that the highest nickel extraction from Suncor ash is 
obtained by roasting the ash with sulphur and subsequent 
leaching with sulphuric acid. This section of the study is 
aimed at optimizing the extraction conditions, mainly with 
regard to the following variables: 
1. leaching medium 
2. roasting temperature 
3. sulphur additions 
4. concentration of leachant 
womereacninglcondi tions 
The experimental conditions were similar to those used 
ampthe previous tests.* Approximately 10 g of ash plus 
additive was roasted ina muffle furnace in ele, with the 
temperature controlled to +2°C. Leaching was carried out at 
97°C for 4 hr, with a phase ratio of approximately 3 ml/g of 
roasted ash and mixing under reflux conditions. The hot 
Slurries were filtered and the filtrate analyzed, after 


cooling, by atomic absorption spectroscopy. 


Leachant 

The preliminary results “of the’ léaching of sulphur 
roasted ash with sulphuric acid produced a reasonable nickel 
dissolution. The extraction of nickel, vanadium and _ iron 
from ash roasted with 20 wt % sulphur by. leaching with 


Various reagents is shown in Table 20. Although all the 
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acids extract some quantity of the nickel and vanadium, the 
highest extraction is obtained with sulphuric acid which was 


used in all the future leaching studies. 


Roasting Conditions 

Prior to leaching with 10% sulphuric acid, the ash was 
roasted with 10 wt % sulphur at various temperatures for 
approximately 6 hr. The vanadium and nickel extractions are 
presented in Fig. 14. 

The optimum extraction of nickel occurred after 
roasting at approximately 900°C. The highest vanadium and 
iron recoveries (34.8% and 17% respectively) were also 
obtained at this temperature. The iron recovery varied very 
little over the temperature range examined: from 14.3% at 
med-Cacro 13.6% at 1050°c. 

The variables that affect the roasting time are similar 
to those discussed previously. The effect of roasting in 
neutral, reducing and sulphur dioxide atmospheres will be 


discussed later. 


Sulphur Additions 

Figure 15 shows the nickel and vanadium extractions 
from the 10% sulphuric acid leaching of Suncor I ash roasted 
with variable quantities of sulphur at 900°C. The iron 
extraction, not included in Fig. 15, varied from 10.6% at 
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Figure 14. Dependence of vanadium and nickel extractions on 
roasting temperature 
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Figure 15. Dependence of vanadium and nickel extractions on 
Sulphur additions 
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Although the optimum addition of sulphur must be made 
by an economic analysis of the overall extraction procedure, 
20 wt % sulphur was added to the ash in all the following 


tests. 


Leaching Conditions 

The variables involved in the leaching process that are 
examined include concentration of the sulphuric acid 
leachant, leaching temperature and leaching time. The 
material used for these tests was Suncor I ash roasted at 
900°C with 20 wt % sulphur. 

Table 21 shows the nickel and vanadium recovery from 
the ash produced as above, with various sulphuric acid 
Strengths. Although the highest extraction is obtained at a 
eoncentration’of 15% sulphuric acid, the approximate optimum 
recovery can be considered to occur with approximately 
10% sulphuric acid. The acid usage during leaching is very 
Small; the acid molarity decreases from 1.1 to 1.0. 

Figure 16 shows the effect of leaching temperature, 
with a fee hour leach time, on nickel extraction, and 
Fig. 17 demonstrates the effect of leaching time at 98°C. 
Optimum leaching conditions may be estimated to require 
leaching for at least 1 hr at a temperature of approximately 
98°C. Nickel extractions of 90% are maintained, with a 
leaching time of 2 hr at 98°C, up to a phase ratio of 
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lnheveay ate Weel gate val 
Sulphuric acid (%) Vv ORS Tee g? Fe 
5 42.0 Gye Ae) eo 
10 h6.9 OBS Seo 
1° 49.7 96.7 20n2 


Table 21. Effect of acid strength on sulphur roast extractions (4%) 
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Figure 16. Dependence of nickel extraction on leaching temperature 
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C. EXTRACTION SUMMARY 

For an industrial process the optimum extraction 
conditions must be evaluated with the aid of a detailed 
economic analysis of the process. However, in this thesis, 
the optimum conditions were estimated by attempting to 
balance recovery against reagent usage or time requirements. 

The optimum conditions selected for the recovery of 
vanadium and nickel from the Suncor I ash were applied to 
the other Suncor ashes and the Syncrude ash samples. The 
leachates were analyzed by atomic absorption Spectroscopy 
for several metals to determine the contaminants in the 
solution. These results are useful in comparing the 
extraction routes with other recovery processes for vanadium 


and nickel and suggesting further purification procedures. 


Vanadium 
The optimum vanadium extraction conditions determined 

from the previous tests are: 

roasting temperature: 905°C 

roasting atmosphere: air 

roasting time: approx. 6 hr 

roasting additive: 14 wt % sodium chloride 

leaching solution: water 

leaching temperture: 97°C 

leaching time: vyapptox™ /2ehr 
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The four Suncor ashes and the two Syncrude ashes were 
treated under the optimum vanadium extraction conditions. 
After leaching, the hot slurries were filtered and washed by 
an equal volume of water. The leachates were then analyzed, 
by atomic absorption Spectroscopy, for several elements. 

For the Suncor ashes the extraction of vanadium was: 

Suncorny DAZ % 

SOACOrNEI SOT % 

SUNCOrePii 85.4% 

Suncor IV G52 6% 
The ponbene rant bas of the other major elements in solution 
are: 

OOORSROL0NRG/PENTI TINGS. cu@t za 

GO. O04F= 0; 108q/2: are FA? 


O20 =PayO00tg/17eMn, <Moy) Mg}! ¢a 


a 
) 
oO 
| 
WwW 


S00 G/ iP tk 

>8 g/l: Na 

10 g/lstv 

For the two Syncrude ash samples the vanadium recoveries are 
approximately 7%. The nickel and iron recoveries are <0.01% 
and 0.02% respectively. 

The factor limiting vanadium recovery from Syncrude ash 
is the high carbon content. If the ash is initially roasted 
in air to remove the carbon, then roasted with 10 wt % 
sodium chloride, the vanadium recovery is approximately 75%. 


The nickel and iron recoveries both remain Mat ane 
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Nickel 
The optimum nickel extraction conditions determined 

from the previous tests are: 

roasting atmosphere: air 

roasting temperature: 900°C 

roasting time: approx. 6 hr 

roasting additive: 15 wt % sulphur 

leaching solution: 10% sulphuric acid 

leaching temperature: 98°C 

leaching time: approx. 2 hr 

mbace EotiOcave ml /qaofe roasted ash 

The four Suncor ashes were treated under the optimum 

nickel extraction conditions., After. leaching, the ~hot 
Slurries were filtered and washed with an equal volume of 
water. The leachates were then analyzed by atomic absortion 
Spectroscopy. The nickel extraction from the Suncor ashes 
was: Suncor I 93.2% 

Suncor alt 272.6% 

SUNCOn hid 94.1% 

Suncor, LV Boe 
The produced solution contained approximatelt ene) dey a 
nickel. The concentration of the other major elements in 
solution are: 
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For the two Syncrude ash samples the nickel recoveries 
in solution are approximately 55%. The vanadium and iron 
recoveries are 40.7% and 39.9% respectively. Nickel recovery 
waS not increased by pre-roasting the ash in air to remove 
carbon. Additionally, sulphur is not responsible for the 
metal extractions from Syncrude ash. Similar nickel, 
vanadium and iron extractions can be obtained by treating 
eyncrude ash roasted at 600°C with 20% ‘sulphuric acid. It is 
probable that the nickel may not be present in the Syncrude 
ash in aM—similar Silorm=tto ethe®Stincor iash \Gsince they are 
formed under different conditions. 

Only vanadium can be extracted to any extent by water 
Or acid from Suncor I ash roasted with a mixture of sodium 


chloride and sulphur at 900°C. 
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V. DISCUSSION 
A. VANADIUM EXTRACTION 


Further Processing 

The processing of vanadium ores by sodium salt roasting 
and water leaching generally produces a solution containing 
7-20 9/1 vanadium. “To. produce a high grade vanadium 
pentoxide product or to upgrade an impure vanadium solution, 
the vanadium can be extracted from an acidified solution by 
solvent eee cae The vanadium is then recovered from the 
purified solution as ammonium metavanadate by precipitation 
with an ammonium salt. 

An alternative procedure, more commonly used, is to 
acidify the solution to a pH of 2.4-2.8, then precipitate 
the vanadium with ammonium chloride. The final ammonium 
metavanadate product is roasted to form vanadium pentoxide, 
which is a commercial product in any grade in excess of 83%. 
Impure vanadium pentoxide may be purified by digestion in 
Sodium carbonate solution and precipitation with ammonium 
Ghloride or sulphate.**°* 

Table 22 shows the concentration of various elements in 
a typical Suncor ash leachate and the composition of the 
final oxide product. The leachate was acidified from a pH of 
7 to 2.5, then the stoichiometric quantity of ammonium 


chloride was added, according to the reaction, 
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Fe 


Ca 
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Table 22: 


Leachante (2/1) 
13.0 
0.01 
0.2.09 
0.008 
0.101 


0.36 


Solution and oxide product composition 


Oxide product (%) 


73.4 
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VO; fH INHPs— tN, VOs 
The stoichiometric quantity of ammonium chloride 
precipitates 70% of the vanadium to produce, via the 
reaction, 

2NH,VO; —]) V,.Op6heHs0O +e2NH3 
a solid containing 73% V.,0;. The oxide product can be 
Piereased to 88% V;0, by sincreasing the recovery from 
solution to 81% with twice the stoichiometric Guantity of 
ammonium chloride. 

A detailed economic study is required to evaluate the 
use of Suncor ash as a source of vanadium. However, similar 
processes are currently producing vanadium economically in 
the United States. Thus the process may be feasible if 


sufficient markets can be located. 


Roasting Reactions 
The first detailed study of the salt roast-water leach 
process for vanadium recovery was carried out by Dresher.'°*! 
The basic roasting reaction can be written as 
VsOSetgi7 20,84 2NaGlesa2Navo; nt0Cls 
Va0O_ +(3/205.+m2NaC1.— > 2NaVOz.+,Cl, 
and his conclusions can be summarized as: 

a. The initial portion of the roasting reaction rate 
curve follows the parabolic rate law, indicating 
diffusion of either oxygen or chlorine through the 
reaction products. 


b. After the initial period, the reaction rate curve 
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follows the logarithmic rate law. This is 
interpreted as hindered diffusion of the gas 
"by the presence of barriers 
consisting Vofeesmalle blisters: or 
pockets which interrupt the 
Straight-line) «diffusion rof the 
gas through the accumulated 
reaction products." 

c. Oxygen partial pressure does not affect the 
roasting reaction rate. 

d. There is a significant reaction rate increase at 
the melting point of sodium chloride. 

e. The main rate controlling step for the formation 
of sodium metavanadate is the diffusion to the 
reaction site of oxygen or the diffusion of 
chlorine from the reaction site. 

Salt roasting of Suncor ash produced some results that 
were in agreement with Dresher's SEudye Although thesefinad 
sodium vanadate compound was not identified, its formation 
requires oxygen, as roasting in neutral and reducing 
atmospheres (N, and H,) led to vanadium extractions of 0.6% 
and 1.0%, respectively. The only other conclusion of this 
type to be made is that carbon is not required for the 
formation of the water soluble vanadium compounds tinptial 
ash roasting at 650°C followed by salt roasting led to 86.5% 


vanadium recovery compared to 89.1% by direct salt roasting. 
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Although the roasting reaction rate was not measured, 
it was observed that increasing the oxygen partial pressure 
did not affect the vanadium recovery. Additionally, there 
waS a noticeable increase in vanadium recovery at roasting 
temperatures above the melting point of sodium chloride 
(801°C), but no observations of the reaction rate were made. 
Dresher also noted that the optimum concentration of sodium 
ehloride’ is 6% plus 1% per % V.0,. The optimum requirement 
for Suncor ash is slightly above this value. 

A study of the’ ‘salt®© roasting) "of! vanadium-rich 
heen féroie magnetites'*®* showed an appreciable increase in 
vanadium extraction above the melting point of sodium 
chloride and a maximum vanadium extraction after roasting at 
850°C. The maximum extraction was obtained with a NaCl/V.0, 
ratio of approximately 5. 

However, a Similar study'®* found that the maximum 
extraction occurred after roasting at 950°C with 12% NaCl 
from an ore containing o. 97a oat Five times the 
stoichiometric quantity of ammonium chloride was required to 
precipitate 98% of the vanadium. The results from these 
studies compare reasonably with the optimum conditions for 
the Suncor ash vanadium extraction. 

The replacement of sodium chloride by another sodium 
Salt has also been examined.'*’ Sodium chloride is reported 
as being selective for vanadium whereas sodium carbonate 
will form water soluble compounds with silica, phosphorus 


and alumina. Sodium sulphate requires a higher roasting 
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temperature and is normally more expensive. 

A vanadium recovery of 89.1% from Suncor. ash was 
increased to 93.5% by using an additive of 5% Na,CO,/5% NaCl 
and decreased to 68.4% by using 14% KCl as the additive. 
However, sodium carbonate will increase the contaminants in 
solution and decrease the purity of the final product; 
Roasting with a calcium compound produces a water insoluble 
calcium vanadate. 

The vanadium recovery from Suncor ash was not altered 
by grinding the ash to 90% less than 20 pm in diameter. The 
finer particles should make available more surface area and 
hence more vanadium to chemical reaction. The absence of an 
extraction increase may have two explanations. 

The vanadium may occur in the ash in different 
compounds, not all of which react with sodium chloride to 
form a water soluble vanadium compound. Therefore increasing 
the surface area may not increase the vanadium extraction. 
The extraction increase with the roasting addition of sodium 
chloride and sodium carbonate may suggest that some vanadium 
compounds will react in the required manner with sodium 
carbonate but not with sodium chloride. | 

Alternatively, the vanadium meeeaee with some of the 
calcium in the ash to form a water insoluble calcium 
vanadate. Formation of a calcium/vanadium compound has 
previously occurred during sodium carbonate roasting of 


vanadium rich slags.'>? 
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X-Ray/SEM Studies 

X-ray diffraction scans of various roasted ashes and 
residues produced few identifiable compounds using the ASTM 
Powder Data File. The only firm identification is for the 
a licat eMail oreNah Sin, eeeeECoAIeSIAO. 8 din” the residues. 
Additionally, sodium chloride is found in the roasted ash 
prior to leaching. The three major febeayeairirageayon scan 
peaks of an iron vanadium oxide, Fess it Verte ewene found 
in the residue scans. The lack of confirming peaks and the 
small quantity of vanadium in the residue suggest that this 
compound may not be present. Chursina and Gutermakher'>°? 
suggest that reacting ash with hydrofluoric acid on a water 
bath will dissolve silica and some silicates, which will 
enhance the residual x-ray diffraction patterns. Ash, carbon 
free ash, roasted ash and residue were treated by this 
technique but no change in the diffraction patterns was 
observed. 

Suncor ash before treatment is shown in Photograph 1, 
itS appearance after roasting with 14 wt % sodium chloride 
at 905°C is shown in Photograph 5. The elemental EDA scans 
of the sample indicate that the surface material is rich in 
sodium, vanadium, iron and titanium. After leaching, 
Photograph 6, much of the surface material has been removed. 
The structure of the residue appears to be divided into 
three types: (1) apparently untouched ash spheres of similar 
composition to the original material, (2) surface growths 


rich in titanium and iron, and (3) ash spheres (rich in iron 
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and silicon) that have been partially destroyed to reveal a 
hollow interior. The presence of untouched ash Spheres 
indicates that some of the vanadium has not reacted with the 
sodium chloride. 

Photographs 7 and 8 show the ash after roasting with 
aon0 Wt Zoesodium jchloride. atye905-C. andi “the ash after 
roasting with 12 Wee eecOUUne chloride: at *81050°C. In 
Photograph 7, after roasting with excess sodium chloride, 
the ash appears to have a smoother surface finish which 
normally indicates melting has occurred. The decrease in 
vanadium extraction with excess sodium chloride may have two 
possible explanations: 

a When sodium chloride melts dieeeco 1 Ce the 
solid-solid-gas reaction is converted to a more favorable 
solid-liquid-gas reaction. The salt-ash contact is increased 
but the oxygen-ash contact is decreased as the molten salt 
becomes a barrier between the two phases. One Sc uaye te 
Suggests that this molten salt barrier is the reason for 
little improvement in vanadium recovery above 850°C. 
However, no examination is made of the effect of increasing 
the temperature above 900°C -or™sincreasingwspnem sodium 
chloride content. If the “molten ‘seit eidcoessueacte as a 
Significant barrier to oxygen reaction with the ash, one 
would expect large quantities of sodium chloride to increase 
the barrier to an extent where vanadium recovery would 


decrease. 
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2. The alternative explanation of the extraction 
decrease is that the increase in sodium chloride content 
decreases the melting point of the ash mixture and forms a 
molten sodium silicate. Thus, on cooling a vanadium oxide or 
sodium vanadate is physically trapped within the silicate. 

Roasting the ash with 14 wt % sodium chloride at 1050°C 
also leads to a decrease in vanadium recovery, “although 
Photograph 8 shows no substantial differences from those of 
ash roasted at 905°C. Silitonga and Prosser'*®® found 
vanadium to be present in a_ slag as FeO(V,Fe),0, which 
Pekeba with sodium carbonate to form sodium vanadate. 
However, at temperatures above 1000°C the sodium vanadate 
reacted with the silicate to physically trap the vanadium in 
a sodium vanado-silicate glass. A similar mechanism could 
account for the decrease in vanadium extraction after 
roasting at high temperatures. 

The x-ray and SEM studies, and reports from other 
investigators, suggest that the vanadium exists in the ash 


as an oxide, probably as a mixed oxide with iron. 
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B. NICKEL EXTRACTION 


Further Processing 

Treatment schemes for nickel containing acid solutions 
generally fall into two groups; electrowinning and sulphide 
precipitation. The electrowinning of nickel from solution 
requires a pure (low Cu, Fe, Co), high nickel concentration 
(60 g/l) solution. The sulphide precipitation route is used 
for low concentration solutions (6 g/l) that are generally 
produced by sulphuric acid pressure teaching “of “oxigized 
nickel ores. A typical solution (5 g/l Ni, 0.8 g/l Fe, pH 2) 
would be reacted with hydrogen sulphide to precipitate a 
high grade nickel sulphide. To obtain metallic nickel, the 
Sulphide is redissolved, impurities precipitated and 99% 
nickel metal recovered by electrowinnings 

The solution produced from the leaching of Suncor ash 
contains adequate nickel, but the acidity of the solution 
must be reduced. The high iron concentration would result in 
the formation of iron sulphide; this formation can be 
prevented by RRA aeration of the solution which will 
precipitate Jiron(Iill)e hydroxide. -Thesieffect Lofethe high 
concentrations of sodium, vanadium and titanium on the 


Sulphide precipitation is unknown. 
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X-Ray/SEM Studies 

R-ray Wditfraction “analysis of the various sulphur 
roasted ashes and residues produced very few diffraction 
scan peaks and no identifiable compounds could be located in 
the ASTM Powder Diffraction Data File. Similar results were 
obtained for ash roasted with pyrite, sulphur dioxide, 
pyrrhotite and sodium sulphate with the excepeion, of 
identifying unreacted pyrite and pyrrhotite. (The 
extractions from these roasted ashes will be discussed 
later.) 

Suncor I ash before treatment is shown in Photograph 1; 
its appearance after roasting with 10 wt % Sulphur atees00°C 
is shown in Photograph 9. The crystals that have formed on 
the surface of the spheres appear rich in vanadium, nickel, 
iron and titanium, or some combination of these elements. 
The sulphur content of the roasted ash was O..34%, virtually 
identical to that of pure ash roasted at 900°C (085%), 
indicating that the residual Sulphur is present due to the 
Sulphur in the original ash. The crystals appear Similar to 
the microcrystals Originally present in the ash 
(Photograph 3) and, since they contain very little or no 
Sulphur, they are probably oxides. 

Photograph 10 shows the ash after leaching with 10% 
Sulphuric acid. The majority of ae Grystals “have been 
removed from the surface of the spheres during the leaching 
process. Additionally, the sulphur content of the ash has 


been reduced to 0.01% so that the acid has leached the oxide 
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crystals and the inorganically bound sulphur. 

As is shown in Photograph 11, increasing the initial 
Sulphur addition to 50 wt % significantly increases the 
formation of microcrystals. The nickel extraction is also 
increased from 72.8% to greater than 97%. 

The effect of roasting the ash with sulphur in neutral 
Or reducing atmospheres was also investigated. Photograph 12 
Shows thegasheatter roasting with 10 wt+% sulphur at. 900°C 
in argon. The surface growths on the spheres appear to be 
rich in vanadium, iron, nickel and possibly aluminium. The 
growths were also rich in sulphur; the ash contained >2% 
sulphur. 

Roasting the ash and 10 wt % ai drainer atm900>Ceunma 
flowing hydrogen stream produced apparently unaltered ash 
that contained 0.5% sulphur. The nickel extraction from the 
ash roasted in neutral and reducing conditions was 12.7% and 
3.2% respectively. 

The results to this stage can be summarized as: 

1. During roasting in air the sulphur may vaporize and 
dissipate, it may react with oxygen to form Sulphur dioxide 
Or it may react with the ash. Microcrystals that probably 
contain an acid soluble nickel oxide are formed. | 

2. During roasting in argon the sulphur may vaporize 
and be carried off in the gas stream or it may combine with 
the ash. Surface growths formed on the ash spheres probably 


contain a slightly acid soluble nickel sulphide. 
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3. During roasting in hydrogen, the sulphur may 
vaporize and be carried off in the gas stream, it may react 
with the ash or it may form hydrogen sulphide. 

The decrease in nickel extraction at roasting 
temperatures below 900°C is shown in Fig. 14. The residual 


sulphur content of these ashes and their appearance was: 


900°C 0.34% microcrystals 
m5 O26 0.60% microcrystals 
650°C 0.84% small crystals 
S00°¢ >2% surface growths 
2002C 22% no growths 


From these reactions and the EDA analyses of the ash growths 
and crystals it appears that at 500°C in air or in a neutral 
atmosphere, the nickel in the ash reacts to form nickel 
Sulphide. At 650°C in air, the nickel sulphide reacts with 


oxygen to ferm nickel oxide. 


Roasting Reactions 

Free energies of various reactions at standard 
conditions can be evaluated from the available data'‘*® to 
discuss the possible reactions from a thermodynamic 
viewpoint. However, no analysis can be made of the kinetics 
of any of the reactions that are thermodynamically feasible. 

Thermodynamically, sulphur will react with hydrogen and 
oxygen at 200°C. The reaction free energies increase as the 
temperature increases so that the thermodynamic driving 


force fon the Eeacticimevill. | decrease. However, "the 
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reactivity of the sulphur will increase as it melts (120°C) 
and vaporizes (445°C). Thus it is impossible to easily 
evaluate the extent to which these reactions occur under the 
roasting conditionss« Abthough,’-it is apparent that the 
Sulphur will react with hydrogen before the ash, and with 
the ash before oxygen. 

The other reaction suggested by the SEM studies was the 
reaction between nickel sulphide and oxygen at approximately 
650°C. Thermodynamically, this reaction is feasible: 

NyS@. S7705i.= INiO€s SOm G¥=e-88ikcal 

The other requirement of the suggested reaction scheme 
is that the nickel originally present in the ash will react 
at 500°C with sulphur, to form nickel sulphide. 

The simplest nickel compounds that could be suggested 
to occur in the-ash are: 

nickel oxide, NiO 

nickel sulphide, NiS 

nickel sulphate, NiSO, 

nickel silicate, NiSiO, 

nickel laterite, (Mg,Ni)SiO, 
If the initial nickel compound is nickel sulphide, it would 
be expected that roasting the ash at >650°C in air and 
leaching with acid would extract the nickel into solution. 
Butpthesrecoveriésfatiten roastinguinhkais or argonpeati use0ec 
followed by sulphuric acid leaching were only 2.3% and 0.1%, 


respectively. 


4 


=) 


@ 


fw 


=| 
— y F >] 
Bitvogt 
” S\t 4 
rma “ *) 
ae a - ia 





Lt» 
a, ae) 
—— 
, 
ripe 4 4- cc Se 





\ 


albino SADE 


130 


If the initial compound was nickel sulphate, the nickel 
Should be directly water soluble; Similarly, nickel oxide 
Should be directly acid soluble. However, the nickel 
dissolution for these leaching conditions was 2.3% and 118% 
respectively. 

Nickel silicate could be considered a type of nickel 
laterite which is of the general form (Ni,Mg,Fe)SiO, with a 
variable composition. The treatment of laterites of varying 
composition is carried out by several different schemes but 
some of them are similar to the process suggested for nickel 
recovery from Suncor sehr 

The sulphidation of nickel ores was first reported by 
Filin et al.,'*' who used a mixture of sodium Sulphate and 
wood charcoal roasted with the ore at 700°-950°C. The 
Sulphidizing agent is reported to be sodium sulphide and the 
degree of Sulphidation EOR=bDe Maeelinear function of 
temperature, 

More recently, the sulphidation of nickel laterites has 
been examined by the Colorado School of Mines Research 
Foundation.'*? Approximately 15% Sulphur 1s added to a 
Slurry of laterite ore containing 2% nickel. The Sulphur can 
be replaced by pyrite. The sulphidation reaction occurs at 
2305=240°C with @ pressure of $380=2050 psig. . The nickel 
Sulphide is oxidized to nickel sulphate at a temperature of 
200°C and a pressure of 210 psig. The nickel dissolves in a 


Slurry at a pH of 1-2, extracting 85-95% of the nickel. 
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Aberecentltpatent’$*e hast statedwkthat® nickélbleantbe 
recovered from laterites by roasting with Sulphur followed 
by acid leaching, but no comments on the mechanism are made. 
The sulphur is reported to prevent the formation of 
insoluble forsterite, 2Mg0.SiO,, during roasting. 

Alternative nickel recovery schemes for laterites have 
involved reduction roasting/ammonia heaching .) o4 4" 
Sulphuric acid pressure leaching'*® '«5 and reduction 
roasting with pyrite to form nickel sulphate.‘ ®*’ 

The similarity between the sulphidation studies and the 
Suncor ash treatment scheme, associated with the good nickel 
recovery by sulphuric acid pressure leaching (a typical 
deeerive® treatment route), indicates that the nickel is 
present in the ash as a laterite. Roasting the ash with 
Sulphur produces nickel sulphide which is subsequently 
oxidized to an acid soluble nickel oxide. 

Sulphur was replaced in the reaction by various other 
Sulphur-containing additives. The roasted ash appearance 
after roasting at 900°C and the nickel extractions after 10% 


sulphuric acid leaching were: 


sulphur 40.7% microcrystals 
pyrrhotite 4.2% unaltered ash 
pyrite Sins cy microcrystals 
Sulphur dioxide 1.4% unaltered ash 
sodium sulphate SW Ercoly 4 microcrystals 


The quantity of solid additive mixed with the ash was 


sufficient to produce a mixture containing 5 wt % sulphur. 
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The results indicate that if sulphur is available in a 
pure form, from the decomposition of pyrite, 
2565 te ee heS ees (9008C)MANG = 919 kcal 
or from sodium sulphate, a slightly acid soluble nickel 
Sulphide will be formed. Sulphur will not be available from 
the decomposition of pyrrhotite or sulphur dioxide as their 


free energies of formation are <-40,000 cal at 900°C. 
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C. ASH STRUCTURE 

At various stages throughout this study comments on the 
structure of the Suncor ash have been made. These brief 
comments can be summarized as: 

1. Previous studies have located irregular carbon 
grains and aluminosilicate spheres,'°* and coke particles, 
fly ash spheres, cenospheres, pleurospheres and enriched 
microcrystals'** in the ash. 

ae ethe esr) spectrum "of Suncor ‘ash ‘indicated the 
presence of magnetite and the existence of vanadium in the 
+3 and/or +5 oxidation states. 

3. The vanadium and nickel distributions in the ash do 
not agree with the vaporization-condensation model. 

4, SEM studies located disvine: carbon grains, 
aluminosilicate Ply ash spheres and cenospheres, and 
microcrystals -enriched in iron, vanadium, titanium and 
nickel, and deficient in aluminium, silicon, calcium and 
potassium. 

5. The vanadium recovery process suggests that the 
vanadium is present in the ash as a vanadium oxide. A mixed 
sodium-calcium-aluminium silicate and an iron vanadium oxide 
may also be present during the treatment process. 

6. The nickel treatment scheme and the reports of other 
investigators indicate that the nickel may be present in the 
ash as a nickel laterite. 

These resultS can be combined Ae. suggest that 


components of the Suncor ash include distinct unburnt coke 
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Grains, magnetite, aluminosilcate spheres which may contain 
a vanadium oxide and a nickel laterite, and crystal growths 
on the sphere surfaces. The Syncrude ash has a high carbon 


content and is aptly described as unburnt coke. 
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VI. CONCLUSION 

This thesis has succeeded in describing extraction 
Processes for the recovery of vanadium and nickel from the 
Athabasca 011 sands fly ash. It has also produced some 
evidence of the compounds and structure in the ash. 

Approximately 90% of the vanadium can be extracted from 
Suncor ash by roasting the ash with sodium chloride and 
leaching with hot water. The produced solution is suitable 
for the production of commercial grade vanadium pentoxide. A 
similar procedure can be used with Syncrude ash if it is 
pre-roasted to lower the carbon content. Similar vanadium 
extraction processes are in commercial Operation, so that it 
is probable if sufficient ash Supplies and markets are 
available, that an industrial operation could be possible. 

Approximately 90% of the nickel can be extracted from 
Suncor ash by roasting the ash with sulphur and leaching 
with sulphuric acid. Three major problems may prevent this 
process from economic consideration. The factors are:- 1) 
the small quantity of nickel in the ash compared to market 
requirements, 2) the inability to treat other ashes 
(e.g.,Syncrude), and 3) the high sulphur dioxide emissions 
from roasting with sulphur. 

The Suncor ash was shown to contain some metal-rich 
crystals on the surfaces of the aluminosilicate spheres and 
may also have some enrichment of certain elements on the 
sphere surfaces. Additionally, the nickel extraction 


procedure indicates that the nickel is present in the ash as 
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a laterite. 

Further work should examine other ashes produced in the 
region as other plants start Operation. An attempt can then 
be made to optimize, scientifically and economically, a 
process for recovering, at least vanadium, from all ashes of 


the Athabasca oil sands area. 
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